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INTERACTIONS OF HYPERSALINE SOLUTIONS WITH FELDSPAR: 
AT 300°C TO 150°C 
Mark H. Koelmel 
ABSTRACT 
Hypersaline solutions are currently regarded as 
important in the genesis of porphyry copper - 
molybdenum deposits and such solutions may react with 
the surrounding country rock leaving distinguishable 
textural features.  The feldspars appear especially 
suited for study as an indicator of the hypersaline 
solution - mineral reaction due to the known alkali 
exchange, range of composition, and complex structural 
state.  Feldspars were reacted with saline solutions 
containing SiO? in excess at 300 C to 150 C, 90 to 
140 bars, and different time periods.  The three 
interactions studied were microcline - NaCl brine, 
labradorite - NaCl brine, and labradorite - KC1 brine. 
Microcline reacted in NaCl solutions formed a 
clear, but vuggy albite rim with a sharp contact 
between the rim and core.  The vuggy nature of the 
albite rim supports a model of atom for atom 
replacement with the resulting albite cell being 93# 
of the original microcline cell volume.  The morphology 
1 
of the albite rim and the rate of reaction war; 
dependant on NaCl and NaF concentrations. 
Labradorite reacted in NaCl solutions had cU-ar 
albite rims in sharp contact with the labradorite 
cores.  The rate of reaction increased with increasing 
NaCl and NaF concentrations.  Approximately 20%   of the 
albite rims were twinned with twin extinctions 
reversed from the twin extinctions present in the 
labradorite core.  The reverse twin extinctions 
probably result from differing indacatrix orientations 
between albite and labradorite and require a sharp 
rim - core contact with structural continuity across 
the contact.  This texture is probably a good 
indicator of feldspar recrystallization in a low 
temperature hypersaline solution.  An adamellite from 
the Idaho batholith containing andesine phenocrysts 
rimmed with albite is referenced as a field analogy. 
Labradorite reacted in KC1 solutions had clear 
and colorless potassium feldspar rims in sharp contact 
with the labradorite cores.  The potassium feldspar 
rims had an unusually high iron content of 9.82 oxide 
percent and an unusually low aluminum content of 10.60 
oxide percent.  The large deficiency in aluminum 
indicates that the iron probably existed in the 
2 
microcline structure an ferric iron in th<^ T - sit^s. 
The presence of iron in a potassium fol ispar rim in 
sharp contact with a plagioclase core could be   a 
good indicator of a potassium bearing hypersalino 
solution, but the iron - bearing potassium feldspar 
rims observed in this study are not microscopically 
distinguishable from normal potassium feldspar and 
must be identified with an electron microprobe. 
A non - cubic sodalite formed in experiments 
containing NaCl concentrations exceeding 7M and with 
pH values greater than 12.5.  In thin section, non - 
cubic sodalite appears similar to a phyllosilicate 
and could be easily misidentified in thin sections 
of altered rocks. 
Interactions of low temperature hypersaline 
solutions with feldspars leave textural imprints 
on the feldspars.  The interpretation of these 
textural recorders may serve as a useful exploration 
tool. 
INTRODUCTION 
Textural features in feldspars are valuable 
indicators for determining cooling history of igneous 
rocks.  Zoning, embayments, and overgrowths in 
feldspars are commonly cited as evidence in 
deciphering the condition of crystallization, cooling, 
and subsequent history.  However, some textural 
features in natural material are at variance with 
experimental results of simple systems determined by 
Day & Allen (1905), Tuttle &  Bowen (1958), and others. 
As a result, explanations such as mixing of magmas, 
assimilation of wall rock, and influx of meteoric 
waters have been proposed to account for the textural 
complexities recorded in feldspars.  This is 
particularly true of the porphyritic quartz monzonites 
and granodiorites associated with porphyry copper - 
molybdenum deposits. 
Igneous rocks associated with porphyry copper - 
molybdenum deposits display unusual textures.  In 
thin section,  mafic minerals commonly have a dark 
brown outer border suggesting reaction of the minerals 
with a late oxidizing solution.  Plagioclase is 
extensively zoned with some zones extending around 
fractured or rehealed crystals (plates 1 and 2). 
Plate 1.  Photomicrograph of a zoned plagioclase 
grain from the Ontario granodiorite, 
Park City district, Utah.  50X. 
Plate 2.  Photomicrograph of an embayment in an 
andesine phenocryst partially annealed 
with albite.  Ab = albite, Ae - andesine, 
B = biotite.  Idaho batholith, Montana. 
160X. 
The broad zonation is normal with calcic cor«^ and 
relatively sodic rims.  However, revnrro, 
discontinuous, and cross - cutting zones are commonly 
present (plate 3)»  Some plagioclases have overgrowths 
of potassium feldspars.  Other potassium feldspar may 
occur as allotriomorphic crystals in the groundmass, 
large poikilitic crystals, and phenocrysts with or 
without domains of preferentially oriented plagioclase. 
These textural features are suggestive of replacement, 
overgrowths, and recrystallization. 
Current consensus regards saline brines as 
important in the genesis of porphyry copper - 
molybdenum deposits.  Saline brines may be produced 
as a late stage residuum of plutonic crystallization 
or through leaching of ions from the plutonic mass 
or country rock by circulating meteoric waters. 
Hemley &  Jones (1964) report the general removal of 
sodium, calcium, and some magnesium along hydrothermal 
veins in silicate rocks during alteration. 
Sericitization may occur with an increase in 
potassium, but ordinarily aluminum and potassium show 
little enrichment or depletion resulting from 
hydrothermal alteration.  Saline concentrations 
ranging from virtually zero to more than 40 weight 
7 
Plate 3»  Photomicrograph of an albite rimmed 
andesine phenocryst from the Idaho 
batholith, Montana.  Ab = albite, 
Ae = andesine, B - biotite.  160X. 
8 
percent in fluid inclusions have boon ropor'c ! for 
porphyry copper - molybdenum ieposits (Roe iler, 1°"!; 
Hall, Friedman, &  Nash, 197^; Moore &  Nash, 197*0. 
The dominant salt is NaCl.  Other significant ions 
include potassium, calcium, and magnesium.  Heavy 
metals in the fluids with concentrations ranging from 
100 - 10,000 ppm are copper and zinc.  During 
mineralization of porphyry copper - molybdenum 
deposits, temperatures ordinarily ranged between 
400 C and 200 C while pressure varied from 800 bars 
to 200 bars (Moore &  Nash, 197^; Hall, Friedman, & 
Nash, 197*0. 
Igneous rocks peripheral to porphyry copper - 
molybdenum deposits have probably been effected by 
saline brines similar in composition to those 
responsible for ore deposition.  While the solution 
beyond the alteration halo of a porphyry copper - 
molybdenum deposit may be spent in terms of 
mineralization, it should have sufficient salinity 
and temperature to facilitate some alkali exchange 
and metasomatism in igneous rocks leaving a textural 
imprint on the feldspars.  The interpretation of 
these textural recorders may serve as a useful 
exploration tool.  Metasomatism by hypersaline 
Q 
solutions may be widespread beyond th^ i^finei 
alteration halo, but at present it is recognized that 
such solutions played an active role in porphyry 
copper - molybdenum deposits. 
The feldspars appear especially suited for study 
as an indicator of the hypersaline solution - mineral 
reaction due to the known alkali exchange, range of 
composition, and complex structural state.  It is 
important to discern textures produced by interactions 
with hypersaline solutions from igneous textures. 
This study involves reacting feldspars with saline 
solutions at 300°C to 350°C, 90 to 140 bars, and 
different time periods.  The products were analyzed 
texturally, chemically, and compared and contrasted 
with natural material. 
10 
BACKROUND 
Feldspar 
Struc turo 
The feldspars have a MT(Op type chemical formula. 
The M sit<^ can be filled by a monovalen* potassium 
or sodium ion or a divalent calcium ion.  The T sites 
are occupied by silicon, aluminum, and rarely iron. 
There is limited solid solution between the potassium 
feldspar (Or) and the sodium feldspar (Ab). 
Intergrowths of these alkali feldspars are termed 
perthitic.  The sodium feldspar (Ab) and calcium 
feldspar (An) are the end members of a solid solution 
series known as plagioclase. 
The topology of the feldspar framework was first 
correctly described by W.H. Taylor (1933).  The basic 
building block of the feldspar structure is composed 
of four corner linked alumino - silicate tetrahedrons 
as depicted in figure 1.  Each ring of four 
tetrahedrons is interconnected in a sheet - like 
manner on the (201) plane (figure 2a) and form a 
double crankshaft structure roughly parallel to the 
a axis (figure 2b).  The M site ion is located 
assymmetrically in the cavity at any single point in 
time (figure 2a).  Taylor (1933) arbitrarily assigned 
1 1 
Figure 1.  Four corner linked aluminosilicate 
tetrahedrons, the basic building block 
of the feldspars. 
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symbols to oxygen atomn which link rinrs of 
tetrahedrons and worf either located on a 'wo fold 
ax in of rotation (A. site?) or were locate! on the 
(010) mirror plane (A9 sites).  Those sites are 
indicated in figure 3-  Ribbe (I97ra) iesignates T 
sites bonded to A. oxygen atoms as T  sites and T 
sites bonded to A0 oxygen atoms as T-, sites (figure 3). 
This nomenclature will be particularly useful in the 
following discussion of Al/Si ordering in feldspars. 
Al/Si Ordering 
For the M AlSi_0n type feldspars, the typical 
ring of four tetrahedrons will contain one Al ^ and 
+k -t- 3 three Si  '  The location of the Al   is temperature 
dependant :and effects the structural symmetry.  At 
high temperatures, the probability of finding the 
+ 3 .    '^- 
Al J   in either the T  or T„ sites is the same.  This 
leads to a monoclinic structure for the high 
temperature potassium feldspar phase (high sanidine). 
However, while the high temperature sodium feldspar 
phase (analbite) has the same Al/Si ordering as high 
sanidine, it is triclinic.  Since the effective 
radius of the Na  ion is 17%  of the K+ ion, the 
tetrahedral framework collapses around the Na  ion 
and, hence, analbite is triclinic (Ribbe, 1975a). 
1^ 
o 
o 
023- 1 
Figure 3« Skematic of the feldspar structure 
projected on the (201) plane showing the 
M, A , A_, T,, and T_ sites.  Solid lines 
represent mirror planes and dotted lines 
represent two - fold axis of rotation. 
15 
As temperature decreases, Al   preferentially 
seeks the T« sites and Si   moves into th«-- T-, 
(Ribbe, 1975a).  Stewart &  Ribbe (106Q) attribute 
this to closer bonding of the M  cation with thr> 7 
coordinating oxygens than with the T0 coordinating 
oxygens.  This type of Al/Si ordering is characteristic 
of the intermediate temperature potassium feldspar 
phase (orthoclase) and the theoretical intermediate 
temperature sodium feldspar phase (intermediate 
albite).  The symmetry of orthoclase is monoclinic 
and intermediate albite is triclinic. 
In figure 3. further Al/Si ordering cannot be 
recognized unless the two T  sites and the two T~ 
sites in each ring of four tetrahedrons are 
distinguishable (Ribbe, 1975a).  Ribbe (1975a) 
differentiated the T  and T? sites as shown in figure 
k.     He was careful to point out that if T„, x - T„, N 1(m)    1(o) 
and Tp/ \   = T^/ \, the symmetry could still be 
monoclinic.  Further ordering is now distinguishable 
if Al   would preferentially concentrate in, for 
example, the Tws sites (Ribbe, 1975a).  Since T , x 
is no longer equivalent to Tw * , the symmetry 
deteriorates to triclinic.  This is the condition of 
Al/Si ordering in the low temperature potassium 
16 
Figure 4. Skematic of the feldspar structure 
projected on the (201) plane showing the 
M. Ar A2, Tlo, Tlm, T2o, and T2m sites. 
Solid lines represent mirror planes and 
dotted lines represent two - fold axis of 
rotation. 
17 
feldspar phase (maximum mi croc line) an i the low 
temperature sodium feldspar phase (albite).  Complete 
Al/Si ordering would be achieved if all the Al   werf 
located in, for example, the T / x sites. 
Wright &  Stewart (1968) first developed a 
practical method for measuring the degree of Al/Si 
ordering in the potassium - sodium feldspar series. 
They recognized that the b and c cell parameters 
changed significantly with changes in Al/Si ordering. 
The most recent plot of the c versus b cell parameter 
is presented in figure 5 (Stewart &  Wright, 197*0. 
For the M  Al„Si?Oo type feldspars, the ideal 
ring of four tetrahedrons will contain two Al   and 
two Si  .  In this structure, the aluminum avoidance 
principle (Loewenstein, 195*+; Goldsmith &  Laves, 1955) 
is seemingly very important.  In the alumino - 
silicate framework structure, Al-O-Al bonding is 
basically unstable and, consequently, Al tetrahedrons 
tend to alternate with Si tetrahedrons (Goldsmith & 
Laves, 1955).  This leads to the 1^8 £ axis found in 
the M  ^l-Si-On structure.  As Ca+  and Al 
+      t-4 
substitute for Na  and Si   in the plagioclase series, 
the aluminum avoidance principle becomes increasingly 
dominant over the Al/Si thermal ordering which occurs 
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in the sodium feldspars. 
The first use of X-ray powder diffraction 
patterns to identify ordering in the plarioclase 
series was made by Tuttle &  Bowen (19C0).  Since 
then, the 20   ^     -   29 *.. parameter has been foun 1 t.o 
be the easiest and most reliable parameter to use 
(Ribbe, 1975b).  Bambauer, et al. (1967) published a 
plot of 20    - 20 *, for Cu K   radiation versus 
i jl 1J1 a l 
composition which is presented in a modified form in 
figure 6. 
The ordering - composition plot by Stewart & 
Wright (197*0 and the 29 „. - 29 =  peak separation 
by Bambauer, et al. (1967) was used in this study to 
determine compositional and structural changes in the 
reacted feldspars. 
Hydrothermal Alteration 
Gruner (19^4) and O'Neill (19^8) studied the 
interaction of hydrothermal solutions with feldspars. 
Gruner (19^) was primarily concerned with the effect 
of 0.1 M HC1 solutions on feldspars for temperatures 
ranging from 300°C to 525°C  He found that kaolinite 
was produced in the 300 C to 350 C reactions while 
muscovite formed in the 350°C to 525°C reactions. 
Pyrophyllite occured throughout the entire series of 
20 
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Figure 6.  Variation of 20 _  - 28 = with composition 
for the high and low plagioclase series. 
The solid low plagioclase line contains 
0rQ g and the dotted low plagioclase line 
contains Or^ Q.  Modified from Bambauer, 
et al. (1967) 
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experiments.  O'Neill (19^8) studied the interaction 
of feldspars with NaCl and KC1 brines over a wide 
range of pH values for temperatures between 2 50 C 
and U00°C.  For 3 M NaCl solutions with pH values 
between 3.0 and 12.8, orthoclase was found to alter 
to albite.  The reverse reaction occurred in 3 M KC1 
solutions.  Labradorite was found to have additional 
Na substitution in concentrated NaCl brines with pH 
values higher than 12.9.  O'Neill (19^8) also 
produced several unidentifiable byproducts. 
Orville (1963) investigated the KAlSi 0g - 
NaAlSi_0fi - NaCl - KC1 - HO system for temperatures 
of 350°C to 700°C at 2000 atm.  He was primarily 
concerned with the equilibrium between the 2 M alkali 
chloride solution and the solid alkali feldspar phase 
or phases.  Orville (1963) noted that alkali 
fractionation between the crystal and vapor phases was 
predominantly temperature dependant.  The K/(K+Na) 
ratio for the vapor phase decreased by approximately 
k0%  with a drop in temperature from 670°C to 400°C. 
At temperatures below 400 C, the alkali fractionation 
process proceeded very slowly.  Because of the 
temperature dependance of the K/(K+Na) ratio, a thermal 
gradient in a rock body exposed to hydrothermal 
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solutions would promote a net transport of potassium 
feldspar from the warmer rock to the cooler rock 
(Orville, 1963). The presence of Ca in the system 
tends to increase the K/(K+Na) ratio. Hence, a Ca 
concentration gradient present in a rock body will 
tend to have the same effect as a thermal gradient 
(Orville, 1963). \ 
Hemley & Jones (1964) discuss the importance of 
hydrolysis in wall rock alteration.  In effect, the 
amount of cations released to a hydrothermal solution 
during alteration of a silicate mineral will be 
equivalent chemically to the amount of H  used in the 
alteration reactions.  Hemley & Jones (1964) also 
developed an equilibrium diagram for the K?0 - Na?0 - 
A120  - Si02 - H20 systems at 500°C and 15.000 psi 
based on the ratios of KC1/HC1 and NaCl/HCl.  A more 
recent version of this diagram, for 400°C and 15,000 
psi, by Meyer & Hemley (1967) is presented in figure 
?.  Changes in pressure have a greater effect on the 
equilibrium diagram as temperature increases.  A 
decrease in pressure will cause the equilibrium curves 
to shift downward and to the left due to a lesser 
decrease in the ionization of the alkali chlorides 
relative to HC1.  A decrease in temperature will 
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Figure 7. Equilibrium diagram for the K_0 - Na_0 
A120^ - Si02 - H20 system at 500°C and 
I5i000 psi.  Meyer &  Hemley (196?). 
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cause the curves to shift upward and to th<"> rirht. 
Helgeson (1972) compiled data which indicatei 
that the logarithms of the dissociation constants for 
NaCl, KC1, and HC1 were negative above 250°C, dOO°C, 
and 350°C respectively at 100 - 150 bars for 1 M 
concentrations.  The negative logarithms indicate that 
these chlorides are present as polar molecules in 
solution and not individual ions.  Helgeson (1972) 
concludes that Al y and Si   tend not to form chloride 
complexes to any great extent in natural solutions. 
3 ++ Instead,   Al   J  may  be   present   as   A1(0H),,   A1(0H) 
or   Al   ■*  and   Si   may   exist   as   H, SiO,    or  H  SiO". iiuluii y—u 
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EXPERIMENTAL PROCEDURE 
Sample Selection 
Samples of microcline, albite, oligoclaso, 
and labradorite were selected on the basis of having 
the least alteration and fluid inclusions.  The 
specimens were crushed and sieved retaining the 2 50 
micron to 500 micron fraction.  This fraction was 
cleaned magnetically with a Frantz magnetic separator 
and washed in water.  After further microscopic 
examination, a perthite and a labradorite were chosen. 
The perthite is devoid of mafics, but has a few fluid 
and mineral inclusions (plate 4).  The labradorite 
sample contains a few pyroxene grains and the 
labradorite grains contain mineral and fluid inclusions 
(plate 5).  Some labradorite grains are distinctly 
zoned, but an average composition, as determined by 
index oils, is An^? • 
Laboratory Technique 
The natural samples were reacted in test tube 
.type vessels made from type 34? stainless steel and a 
copper gasket was used in the closure.  The vessels 
are 150 cm to 200 cm long and had sample chambers 
ranging from 8 ml to Ik  ml.  The vessels were heated 
in a furnace controlled by a powerstat potentiometer. 
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Plate 4.  Photomicrograph of the natural perthite 
used as experimental material.  Ab = 
albite, M = microcline.  l60X. 
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Plate 5.  Photomicrograph of the natural labradorite 
used as experimental material.  l60X. 
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Temperature wa? measured with a hirh * omperatur'1 
mercury thermometer touched arainst the outride of 
the bombs.  The furnace lacked precis^ temperature 
control, but temperatures were maintained to t   10 C. 
Crushed feldspar was placed directly in the sample 
chamber which was filled with solution to 
approximately 80% of capacity.  The remaining 20%  of 
the sample chamber contained air to ensure the 
presence of a vapor phase at the temperature of 
reaction.  Pressures were estimated using and 
extrapolating from the steam tables for boiling NaCl 
solutions published by Haas (1976).  Pressures are 
probably accurate to within t 10 bars.  The experiments 
and the conditions under which they were reacted are 
listed in appendix I. 
Reaction vessels, glassware, and plastic 
containers were washed with a dilute (10/5) nitric 
acid solution and thoroughly rinsed with distilled 
water.  After reaction, the vessels were quenched in 
cold water and immediately opened.  The contents were 
filtered with Whatman no. 50 papers and the filtrates 
collected in plastic beakers.  Each vessel was rinsed 
with 20 ml of distilled and degassed water.  The 
vessel rinse waters were also filtered and collected 
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in the plastic beakers.  Each beaker then contained 
the liquid phase which was present in the respective 
vessel plus 20 ml of distilled and degassed water 
which was used for rinsing.  The pH values of the 
solutions in the plastic beakers were determined using 
a Heath model EUA 20-11 recording pH meter and Beckman 
silver - silver chloride electrodes.  After completion 
of each pH measurement, the electrodes were rinsed 
with distilled water allowing the rinse water to be 
added to the solution in the plastic beaker.  The 
measured pH values were corrected for dilution and, 
if necessary, for high sodium ion concentrations.  The 
corrected pH value for each experiment is listed in 
appendix I. 
After completion of the pH measurements, the 
contents of the plastic beakers were transferred to 
1000 ml volumetric flasks and the plastic beakers were 
rinsed allowing the rinse waters to be added to the 
solutions in the volumetric flasks.  The volumetric 
flasks were placed under the respective filter lined 
funnels.  Each reaction vessel was scraped and 
throroughly rinsed with approximately 200 ml of 
distilled water allowing the rinse water to pass 
through the respective filter lined funnel and into 
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the assigned volumetric flask.  The solutions in the 
volumetric flasks were diluted to 1000 ml with 
distilled water.  An aliquot was taken from each 
volumetric flask and kept refrigerated in plastic 
bottles until analyzed.  Reagent blanks were carried 
through the same procedure as the reacted solutions. 
The reacted feldspar was dried and sieved 
subdividing it into a greater than 500 micron fraction, 
a 250 micron to 500 micron fraction, and a less than 
250 micron fraction.  The 250 micron to 500 micron 
fraction was X-rayed and used to prepare a thin 
section for microscope and, in some cases, electron 
microprobe study. 
Atomic Absorption Analysis 
A Varian Techtron AA6 atomic absorption 
spectrophotometer was used for potassium and sodium 
analysis.  Standards were made with triple distilled 
quartz water and 99-99 wt. %  analyzed NaCl and KC1 
salts.  KC1 and CsCl were added to NaCl and KC1 
solutions, respectively, to enhance ionization.  Table 
1 lists the various wavelengths and specifications 
used for analysis.  Aluminum and calcium analysis were 
done courtesy of Homer Research Laboratories, Bethlehem 
Steel Corporation, Bethlehem, Pa. using an acetylene 
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Tablo 1 
Wavelengths and specifications used for atomic 
absorption analysis based on concentration level. 
Na concentrations greater than 100 ppmi 
lamp current - 5 mA     wavelength - "HO.2 nm 
fuel - acetylene       spectral band pass - 0.2 nm 
support - air working range - 100 - ^00 ppm 
sensitivity - 1.6 ppm 
Na concentrations less than 100 ppm: 
lamp current - 5 niA    wavelength - 589.6 nm 
fuel - acetylene        spectral band pass - 0.2 nm 
support - air working range = 0.5 - 2.0 ppm 
sensitivity - 0.008 ppm 
K concentrations greater than 200 ppm: 
lamp current - 5 mA    wavelength - kO^.k  nm 
fuel - acetylene       spectral band pass - 0.1 nm 
support - air working range = 200 - 800 ppm 
sensitivity - 3.7 ppm 
K concentrations less than 200 ppmi 
lamp current - 5 mA    wavelength - 769.9 
fuel - acetylene       spectral band pass - 0.5 nm 
support - air working range = 1.5 - 6.0 ppm 
sensitivity - 0.03 ppm 
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flame with nitrous oxide support.  Analyses are listed 
in appendix II. 
X-ray Analysis 
Crystalline reaction products were X-rayed using 
nickel filtered K  radiation.  All solid products were 
a 
X-rayed from k°2Q   to 50°29 for identification. 
Selected experiments and the unreacted samples were 
X-rayed for cell parameter determination by oscillating 
between 13°29 and 43°20 at £°29 per minute with 
synthetic BaFp for an internal standard.  The X-ray 
data was used to calculate cell parameters with a 
computer program by Appelman &  Evans (1973)•  Many 
products contained two feldspars.  Because of peak 
overlap in diffraction patterns of these products, 
only sharp, clearly identifiable peaks were used for 
cell parameter calculations.  Table 2 is a list of 
reflections used to calculate cell parameters for 
labradorite samples reacted in NaCl solutions.  Table 
3 is a similar list for all perthite samples.  Cell 
parameters for the unreacted samples and selected 
products are tabulated in appendix III.  Some 
labradorite was X-rayed by oscillating between 29°29 
and 32 20 at i 20 per minute to accurately determine 
the 26    - 28 :  peak separation.  The 20    - 20 - 
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Table 2 
Reflections used for computing unit cell parameters 
of labradorite reacted in NaCl solutions.  Peak 
locations and intensities are for oligoclase. 
(Colville & Ribbe, 1966, 1968) 
0 -2 
2 0 
1 -1 
1 3 
1 
-3 
0 -4 
1 
-3 
1 3 
3 -1 
2 2 
3 3 
1 
-3 
1 
1 
1 
1 
1 
2 
2 
2 
1 
1 
2 
Peak (°26) 
18. .98 
21 .98 
22, .92 
23. .88 
29, .7^ 
30, ■ 36 
31. .68 
33. .78 
35. ,k6 
36. .70 
39. .3^ 
J*o. ,22 
Intensity 
2 
53 
10 
24 
12 
lh 
3 
7 
11 
2 
4 
1 
3^ 
Table 3 
Reflections used for computing unit cell parameter.' 
of the perthitic microcline and albite phases. 
Microcline - Brown &  Bailey (1964) 
h k 1 Peak (°26) 
0 0 1 13.66 
2 0 1 21.08 
1 1 1 22.30 
1 -1 1 22.64 
2 0 2 27.12 
0 0 2 2 7.46 
1 3 1 29.44 
1 3 2 32.48 
2 4 1 35-58 
0 6 0 41.80 
Albite - Ribbe, Megaw, &  Taylor (1969) 
h k 1 Peak (°26) 
0 0 1 13-88 
2 0 1 22.06 
1 1 1 23.54 
0 0 2 27.96 
2 2 0 28.32 
0 -2 2 30.50 
1 3 1 31.24 
2 -4 1 35-00 
0 6 0 42.50 
I ntensi 
5 
53 
12 
6 
49 
100 
20 
10 
15 
22 
ty 
Intensity 
10 
67 
28 
100 
30 
19 
9 
12 
7 
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peak separation is used for structural (Al/Si oriorinf;) 
analysis. 
Thin Section Preparation 
Thin sections of the 250 micron to 500 micron 
fraction unreacted and reacted grains were prepared 
in the following manner.  Approximately 0.20 grams of 
sample were mounded on a 27 x 4-6 mm glass slide and 
placed on a hot plate set at roughly 270°C.  Lakeside 
cement was melted and impregnated the mounded grains. 
A flat surface was ground on the Lakeside embedded 
pile of grains with a k$  micron diamond wheel.  The 
flat surface was further ground on a glass plate with 
a 15 micron abrasive.  The flat surface was 
subsequently polished with a Linde A corundum abrasive 
and glued to a second 27 x 46 mm glass slide with an 
epoxy resin.  After the epoxy hardened, the joined 
slides were heated and the original glass slide was 
removed.  Excess Lakeside was removed from the second 
glass slide with a razor blade and the remaining 
material was ground to the desired thickness on a 
glass plate with a 15 micron abrasive.  The thin 
section was subsequently polished with a Linde A 
corundum abrasive.  A cover slip was mounted with 
Canada Balsam.  Polished thin sections for microprobe 
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study were made using the same procedure except that 
a ^ micron diamond paste was substituted for the Linde 
A abrasive in the final polishing. 
Electron Microprobe Analysis 
Unreacted samples and selected experimental 
products were analyzed on an ARL nine spectrometer 
electron microprobe at the American Museum of Natural 
History, New York, N.Y.  The analysis was done with a 
beam current of 15 kV and a specimen current of 10 nA. 
Corrections developed by Bence & Albee (1968) were 
applied to the raw data by an on - stream computer. 
Table k  lists the crystals and standards used for each 
element.  Corundum was used to determine the 
background for the other eight elements.  Oxide totals 
and standard deviations for each sample analyzed are 
listed in appendix IV.  Sodium, potassium, calcium, 
aluminum, and silicon tracings across selected 
crystals were also made.  The tracings were made 
quantitative by analyzing the two ends and center of 
the tracing path and using these analyses as tie 
points. 
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Table U 
List of crystals used for microprobe analysis and 
standardizing minerals. 
Standardizing      Code 
Element   Crystal      Mineral      (Standard) 
Si ADP Andesine AC-362 
Al ADP Andesine AC-362 
Fe LiF Augite A-209 
Ti LiF Augite A-209 
Mg TAP Augite A-209 
Ca PET Andesine AC-362 
Na TAP Andesine AC-362 
K PET Microcline MCLIN 
Ba LiF Benitoite BENIT 
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REACTION OF PERTHITE IN BRINKS 
General Statement 
The interaction of perthite in brine? can bo 
separated into two reactions.  One reaction describe? 
the alteration of microcline and the other reaction 
describes the alteration of albite.  The mechanism by 
which the reactions occur may involve alkali exchange 
in a diffusion process or solution and overgrowth. 
The reactions may occur throughout the grain or just 
along a reaction front.  The reaction may involve 
hydrolysis yielding different rates and products at 
different pH.  Fluoride may aid the reactions by 
attacking the framework silicate and stabilizing the 
products.  Volume considerations may be important in 
determining the mechanism of reaction.  This is 
particularly true in the alteration of microcline to 
albite since an albite unit cell occupies 93$ of the 
volume that a microcline unit cell does.  The 
microcline and albite reactions will be discussed in 
this section. 
Microcline Reactions 
Reaction of Microcline in Brines Lacking Fluoride 
Perthite experiments with pure salt brine or pure 
water solutions are listed in table 5«  These solutions 
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Table 5 
Perthite Experiments in Brines Lacking Fluoride 
pH 
Time    when   NaCl  KC1   F 
Run  (days)  opened   M     M    M 
Al 
A3 
B6 
C5 
II 
12 
13 
Jl 
J2 
J3 
92 
92 
14 
25 
21 
21 
56 
12 
12 
12 
12.7 
7.1 
6.4 
6.6 
6.3 
6.5 
6.2 
6.7 
6.52  1.13 
7.81 
7.15 
7.16 
3.^2 
3.42 
Products 
albite, acmite 
sodalite 
albite 
albite 
albite 
muscovite 
muscovite 
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cover a range of salt concentration and pH.  The 
microcline in experiment A3 (7.81 M KC1) wan 
unaltered.  Experiments 12 (0.00 M NaCl) and J3 
(0.00 M NaCl) produced microcline with an 
unidentifiable alteration product.  The alteration 
occurred sporadically throughout the microcline 
grains, but tended to concentrate along fractures and 
cleavages (plate 6).  The product may be albite, but 
its size and concentration preclude positive 
identification. 
Experiment Jl (0.00 M NaCl) and J2 (0.00 M NaCl) 
had HC1 added to the initial solutions at 
concentrations of 0.050 M and 0.005 M respectively. 
Both experiments produced minor amounts of muscovite 
in addition to the type of alteration observed in 
experiments 12 and J3«  Muscovite appeared to be more 
prevalent in experiment Jl indicating a greater extent 
of hydrolysis than in experiment J2.  Experiment B6 
(7.16 M NaCl) had NaOH added to the initial solution. 
The microcline was extensively corroded and replaced- 
by sodalite.  The sodalite occurred as aggregates with 
a radial habit and was birefringent.  Sodalite 
dominated the B6 X-ray diffraction pattern. 
Slight alteration of microcline to albite was 
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Plate 6.  Photomicrograph of a reacted microcline 
grain from experiment 12.  The alteration 
occurred sporatically along fractures 
and cleavages.  160X. 
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observed microscopically in experiments Al (6.r.~> M 
NaCl, 1.11 M KC1), C5 (7.16 M NaCl), II (3.42 M 
NaCl), and 13 (3.42 M NaCl).  Alteration occurred 
around the edge of the crystal and internally alone 
fractures and cleavages (plate 7).  The albite had a 
vuggy texture.  Acmite formed as small sprays of 
acicular crystals in experiment Al. 
Microcline - NaCl - NaF Reactions 
Perthite experiments with NaCl and NaF in a range 
of concentrations are listed in table 6.  Experiments 
Dl (6.84 M NaCl), D2 (5-13 M NaCl), D3 (3.42 M NaCl), 
D5 (1.71 M NaCl), D6 (0.86 M NaCl), and H4 (0.00 M 
NaCl ) cover a range of NaCl concentration with 
constant time and 0.05 M NaF concentration.  The pH 
remained nearly constant except for experiment D6 
which is suspected to be in error.  The pH for 
experiment D6 is probably similar to the other above 
listed experiments.  Microcline grains reacted in 
the  6.84 M NaCl solution (Dl) had a mean albite 
rim width of 42 microns while microcline grains 
reacted in the 0.86 M NaCl solution (D6) had a mean 
albite rim width of 8 microns based on 50 point 
counts. Both experiments had a mean grain diameter of 
approximately 350 microns.  The microcline grains in 
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Plate 7.  Photomicrograph of a reacted microcline 
grain from experiment 13.  Alteration of 
microcline to albite occurred along 
fractures and cleavages.  16OX. 
hk 
Run 
Table 6 
Perthite - NaCl - NaF Experiments 
pH 
Time    when   NaCl  KC1   F 
(days)  opened   M    MM Products 
B2 14 9.1 6.52 
B4 14 12.7 7.16 
C2 14 6.7 6.52 
C4 14 6.8 7.16 
Dl 21 7.1 6.84 
D2 21 6.8 5.13 
D3 21 6.8 3.42 
D5 21 7.2 1.71 
D6 21 0.1 0.86 
F2 6 6.4 3.42 
F3 9 6.6 3.42 
F4 12 6.4 3.42 
F5 15 6.6 3.42 
F7 21 6.5 3.42 
HI 21 6.5 3.42 
H2 21 7.6 3.42 
H3 21 10.1 3.42 
H4 21 7.8 
0.28 albite 
0.22 albite, acmite, 
sodalite 
0.028 albite 
0.0043 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.05 albite 
0.0005 albite 
0.0050 albite 
0.5000 albite 
0.05 
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experiment D2, Dl, and D5 had decreasing rim widthn 
in accordance with decreasing NaCl concentration. 
Experiment H4 had no detectable reaction. 
The extent of reaction can be further quantified 
by determining potassium concentrations in the reacted 
solutions.  Since potassium is not present in the 
original solutions, any potassium present in the final 
solutions was abstracted from the microcline as 
illustrated by the following idealized reaction. 
KAlSio0Q + NaCl > NaAlSio00 + KC1  (l) 
Solutions were analyzed for potassium using an atomic 
absorption spectrophotometer.  The potassium 
concentration in the reacted solutions and amount of 
potassium produced for experiments Dl, D2, D3, D5, D6, 
and H4 are listed in table 7.  Based on the amount of 
potassium produced, approximately k2%  of the perthite 
sample weight in experiment Dl and 2h%  of the perthite 
sample weight in experiment D6 would have to react by 
equation (l) if the equation expressed the only source 
of potassium.  Because approximately k0%  of the 
perthite sample weight is albite, roughly 70%  of the 
microcline in experiment Dl (6.8k  M NaCl) and h0%  of 
the microcline in experiment D6 (0.86 M NaCl) altered 
to albite.  Based on the data presented in table 7, 
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Table 7 
Potassium concentrations and the amount of potassium 
produced for runs Dl, D2 , D3, D5, D6, and HU. 
Potassium      Potassium Produced 
Run  NaCl  Concentration  per 0.50 gms of Perthite 
No.   M       (ppt) (mg) 
29.6 
28.8 
25.6 
17.5 
16.9 
0.8 
Dl 6.84 6.23 
D2 5.13 6.76 
D3 3.42 5-12 
D5 1.71 3.18 
D6 0.86 3-38 
Hk 0.00 0.15 
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tho amount of potassium produced is plotted arainst 
sodium concentration in figure 8 and fitted to a 
logarithmic function.  Tho least squares fit yields 
a correlation coefficient of 0.9710.  There are a 
couple of possible explanations for the logarthmic 
nature of the curve.  The rate of reaction may 
increase with increasing NaCl concentration and level 
off once a certain NaCl concentration is reached.  The 
reaction may also level off due to a decrease in the 
amount of microcline left to be reacted.  This is 
particularly important in experiments Dl and D2 where 
approximately 70$ of the microcline altered to albite. 
Texture changed with decreasing NaCl 
concentration in experiments Dl (6.84 M NaCl), D2 
(5.13 M NaCl). D3 (3.42 M NaCl), D5 (1.71 M NaCl), D6 
(0.86 M NaCl), and H4 (0.00 M NaCl).  Albite rims 
surrounding the microcline in experiments Dl and D2 
are fairly uniform in width and do not appear to have 
a preferential direction of attack (plate 8).  The 
microcline had diffuse twins and sometimes mottled 
extinctions (plate 8).  The microcline in experiments 
D3 and D5 had albite rims which were less uniform in 
thickness than in experiments Dl and D2.  Microcline 
grains in experiments D3 and D5 showing a (010) cross 
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Plate 8.  Photomicrograph of a reacted microcline 
grain from experiment Dl.  The albite 
rim surrounding the microcline is fairly 
uniform and does not appear to have a 
preferential direction of attack.  Ab = 
albite, M = microcline, Abr = albite rim, 
160X. 
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section had a distinct preferential direction of 
attack (plate 9).  The preferential direction of 
attack appears to be parallel with the (010) plane 
and roughly coincident with the z crystallographic 
axis.  The D3 and D5 microcline grid - iron twins 
were sharper than in the Dl and D2 microcline, but 
still fairly diffuse.  Mottled extinction was not 
observed in the D3 and D5 microcline grains. 
Alteration of microcline to albite in experiment D6 
occurred sporadically around the edge of the 
microcline grain and internally along fractures and 
cleavages (plate 10).  The D6 microcline grid - iron 
twins were fairly sharp and did not appear to be 
significantly effected by the reaction.  Experiment 
H4 microcline was not effected texturally.  Thus, 
increased concentration of NaCl in the reacting 
solution results in an increased thickness of the 
albite rims and diffuseness of the grid,- iron twins 
in the microcline cores. 
Experiments Hi (0.0005 M NaF), H2 (0.0050 M NaF), 
D3 (0.05 M NaF), and H3 (0.5000 M NaF) covered a range 
of NaF concentrations with constant time and 3.U2  M 
NaCl concentration.  The pH increased with increasing 
NaF concentration.  The microcline in the 0.0005 M NaF 
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Plate 9.     Photomicrograph of a reacted microcline 
grain from experiment D3.  There is a 
distinct preferential direction of 
attack.  160X. 
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Plate 10.  Photomicrograph of a reacted microcline 
grain from experiment D6.  Alteration 
of microcline to albite occurred 
sporatically around the edge of the 
grain and internally along fractures 
and cleavages.  160X. 
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solutions (Hi) had a mean rim width of 1Q microns whilo 
the microcline in the 0.5000 M NaF solution (Hi) was 
completely altered to albite.  Both products had a 
mean grain diameter of approximately 350 microns. 
Experiments H2 and D3 showed increasing rim width with 
increasing NaF concentration.  The extent of reaction 
was estimated by analyzing for potassium in the 
reacted solution using an atomic absorption 
spectrophotometer.  The potassium concentration of 
.the reacted solutions and the amount of potassium 
produced for experiments HI, H2, D3, and H3 are listed 
in table 8.  Based on the data in table 8, 
approximately k0%  of the microcline in experiment Hi 
(0.0005 M NaF) altered to albite and 100% of the 
microcline in experiment H3 (0.5000 M NaF) altered to 
albite.  The potassium produced for each experiment in 
tables 7 and 8 is plotted against concentration in 
figure 9-  Increasing the NaF concentration by two 
orders of magnitude from 0.0005 M to 0.05 M had the 
same effect on the reaction rate as increasing the 
NaCl concentration by a factor of four from 0.86 M to 
3.42 M.  Increasing the NaF concentration to 0.5000 M 
resulted in complete alteratiqm of the microcline to 
albite in 21 days.  An increase in NaCl or NaF 
5^ 
Table 8 
Potassium concentrations and the amount of potassium 
produced for runs Hi, H2, D3, and H3. 
Potassium       Potassium Produced 
Run  NaP   Concentration  per 0.50 gms  of Perthite 
No.   M       (ppt) (mg) 
HI 0.0005 3.02 16.6 
H2 0.0050 3.60 19.8 
D3 0.0500 5.13 25.6 
H3 0.5000 8.57 ^0.7 
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concentration caused an increase in the rate of 
reaction.  However, increases in NaCl concentration 
effected the rate of reaction much more than increases 
in NaF concentration for the range of concentration 
studied, namely NaCl greatly dominant over NaF. 
Texture changed with increasing NaF concentration 
in experiments Hi (0.0005 M NaF), H2 (0.0050 M NaF), 
D3 (0.05 M NaF), and H3 (0.5000 M NaF).  Albite rims 
surrounding the Hi and H2 microcline grains were 
irregular and included areas of unreacted microcline 
(plate ll).  Twinning in the Hi and H2 microcline 
grains was fairly sharp.  Microcline grains in the D3 
experiment had a preferential direction of attack as 
was previously discussed and shown in plate 9.  The 
D3 microcline twins were more diffuse than the Hi and 
H2 microcline twins.  The microcline grains in 
experiment H3 were completely altered to albite 
(plate 12). 
A series of experiments was conducted to determine 
the microcline rate of reaction.  This series covered 
a range of time with constant pH, 3.42 M NaCl 
concentration, and 0.05 M NaF concentration.  During 
the first two days of the F series experiments, the 
temperature rose to approximately 385°C.  By the third 
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Plate 11.  Photomicrograph of a reacted microcline 
grain from experiment Hi.  The albite 
rim surrounding the microcline was 
irregular and included areas of unreacted 
microcline.  Abr = albite rim, M = 
microcline.  l60X. 
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Plate 12. Photomicrograph of a reacted microcline 
grain from experiment H3.  The microcline 
grain was completely altered to albite. 
160X. 
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day, the temperature stabilized at 115 C.  As a result 
of the initial high temperature, microcline in the F 
series experiments was more altered for a given period 
of time than microcline in the other perthite 
experiments at 335 C.  The extent of reaction was 
determined by analyzing the reacted solutions for 
potassium.  The potassium concentration in the reacted 
solutions and the amount of potassium produced (table 
9) show a general increase with time, but it is 
erratic. 
The effect of temperature on the rate of reaction 
can be estimated by comparing experiments D3 and F?. 
Experiments D3 was maintained at 335 C whereas 
experiment F7 had an initial temperature surge to 
385 C for two days.  Otherwise, the experiments were 
equivalent in time, pH.iNaCl concentration, and NaF 
concentration.  The miorocline in experiment F7 
altered almost twice as much as the microcline in 
experiment D3 based on the amount of potassium produced. 
This indicates that the reaction rate increased sharply 
with an increase in temperature of approximately 50°C 
from 335°C to 385°C 
Experiment Bk   (7.16 M NaCl, 0.22 M NaF) had NaOH 
added to the original solution to achieve a pH of 12.7. 
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Table 9 
Potassium concentrations and the amount of potassium 
produced for runs F2, F3, Fk,   F5, and F?. 
Potassium      Potassium Produced 
Run Time  Concentration  per 0.50 gms   of Perthite 
No. (days)     (ppt) (mg) 
31.0 
40.0 
37-5 
39-0 
48.0 
F2 6 6.53 
F3 9 7.27 
Fk 12 8.82 
F5 15 7.09 
F7 21 8.73 
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Microcline was not detected in experiment BU   and 
apparently altered completely to sodalite and acmito. 
The sodalite was the same birefringent variety 
observed in experiment B6 (7.15 M NaCl, 0.00 M NaF) 
which had a pH of 12.7 (table 5).  The iron in the 
acmite may have come from the vessel or from mafics 
and mineral inclusions in the original perthite 
sample.  Mafics observed in the Bk   run had wide 
reaction rims and were probably the main source of 
iron for the acmite.  Albite occurred in experiment 
B4, but it was difficult to determine whether the 
albite was secondary or resulted from the albite 
present in the original perthite sample. 
Nature of the Reacted Microcline 
Crystal fragments of microcline displayed 
textural changes with increasing NaCl or NaF 
concentration.  These changes include increased 
diffuseness of the microcline twins and increased 
thickness of the albite rims with increasing NaCl or 
NaF concentration. 
The albite rims surrounding the microcline grains 
were c^.ear, but vuggy.  The boundary between the albite 
rim and the microcline core is sharp and void of fluid 
or mineral inclusions.  Approximately 80% of the albite 
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rims displayed undulatory extinction.  The vuggy 
nature supports a model of atom for atom replacement 
with the resulting albite cell being 93$ of the 
original microcline cell volume. 
Unreacted microcline from experiment D2 (5-13 M 
NaCl, 0.05 M NaF) were analyzed with an electron 
microprobe.  Analyses of the unreacted microcline, 
reacted microcline core, and albite rim are listed 
in table 10.  The analyses are averages of analyses 
listed in appendix IV.  Each averaged analysis has 
the number of analyses used for averaging listed 
directly below the heading.  The standard deviations 
include variation due to chemical analysis and 
compositional variation between analyses.  The 
microprobe analyses indicate that there was no 
significant compositional change between the reacted 
microcline core and the unreacted microcline. 
However, optical examination showed diffuseness of 
twins in reacted microcline. 
The oxide totals for the albite rims summed to 
roughly 97%.     In comparison, totals for the cores were 
closer to 100$.  This may result from the vuggy texture 
of the albite rim persisting to submicroscopic levels. 
The albite rims contained about one percent potassium 
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Table 10 
Electron microprobe analyses of the unreacted 
microcline and the D2 microcline. 
Element 
Unreacted 
Microcline 
(5 analyses) 
Oxide  Std. 
% Dev. 
D2 Microcline 
Core        Rim 
(3 analyses) (5 analyses) 
Oxide 
% 
Std. 
Dev. 
Oxide 
% 
Std. 
Dev. 
Si 
Al 
Fe 
Ti 
Mg 
Ca 
Na 
K 
Ba 
Total 
64.49 
18.48 
0.04 
0.03 
0.01 
0.03 
0.73 
15.76 
0.00 
99-58 
1.17 
0.53 
0.04 
0.04 
0.02 
0.03 
0.08 
0.11 
0.00 
64.91 
18.52 
0.02 
0.03 
0.00 
0.03 
0.77 
15.60 
0.00 
99.88 
1.31 
0.47 
0.03 
0.07 
0.01 
0.01 
0.19 
0.27 
0.00 
67.11 
19.02 
0.10 
0.03 
0.00 
0.04 
9.75 
1.22 
0.00 
97.25 
0.97 
O.36 
0.07 
O.03 
0.01 
0.04 
0.46 
0.34 
0.00 
Component 
Ab 
An 
Or 
Cs 
6.6 1.0 
0.2 0.9 
93-2 1.1 
0.0 0.8 
7.0 1.9 92.2 2.3 
0.1 0.8 0.2 0.9 
92.9 1.9 7.6 2.3 
0.0 0.8 0.0 0.0 
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which yield more than 7%  normative orthoclase. 
Fluorine was not detectable in the reacted microcline 
grains or rims with the electron microprobe.  However, 
the electron microprobe is not very sensitive to 
fluorine and an appreciable amount of fluorine could 
be present in the feldspar structure. 
Potassium and sodium microprobe tracings were 
made across a typical microcline grain from experiment 
D2 (5.13 M NaCl, 0.05 M NaF) and are reproduced in 
figure 10.  The paths for the potassium and sodium 
tracings are parallel, but not coincident.  The mean 
grain diameter for the microcline grains is 350 microns 
The microprobe tracings indicate that the boundary 
between the albite rim and the microcline core is 
chemically sharp.  The major dips and spikes present 
in the potassium and sodium microprobe  tracings, 
respectively, coincide with fractures or cleavages in 
the microcline core.  Potassium decreases and sodium 
increases when a fracture or cleavage plane is crossed. 
The decrease in potassium may be an artifact of the 
fracture or cleavage, but the increase in sodium is 
not.  This evidence suggests that the reacting 
solution may have penetrated fractures and cleavages 
causing alteration of microcline to albite along 
65 
• dg* • dg« 
• d g i cintir • dg« 
Figure  10. Electron microprobe tracings across a 
typical microcline grain from experiment 
D2.  a) Potassium tracing b) Sodium 
tracing 
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these structural planes of weakness.  This trend is in 
agreement with textures observed in experiment D6 (0.86 
M NaCl, 0.05 M NaF) where alteration was observed to 
occur sporatically along fractures and cleavages in 
the microcline grain (plate 10). 
Cell parameters were calculated from X-ray 
diffraction data for the unreacted microcline, the 
microcline from experiment D6 (0.86 M NaCl, 0.05 M 
NaF), and the microcline from experiment Dl (6.8^ M 
NaCl, 0.05 M NaF) and are listed in table 11.  The 
alpha cell angle appears to follow a decreasing trend 
with increasing NaCl concentration and the gamma cell 
angle appears to increase slightly with increasing 
NaCl concentration.  However, these trends are not 
viewed as significant.  The b and c cell parameters 
are plotted with error bars on an Al/Si ordering plot 
in figure 11.  There do not appear to be any 
significant changes in Al/Si ordering resulting from 
the microcline - NaCl - NaF reaction.  There are two 
possible explanations for this observation.  The Al/Si 
ordering in microcline may not be effected by NaCl or 
NaF solutions or the unreacted microcline may have 
already been in a maximum ordering state. 
In order to determine the Al/Si ordering state of 
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Table 11 
Cell Parameters of Microcline 
D6 Dl 
Parameter   Unreacted    0.86 M NaCl    6.84 M NaCl 
a (h 8.581 (2) 8.570 (21) 8.576 (14) 
b (8) 12.961 (2) 12.960 (10) 12.951 (17) 
c (R) 7.236 (4) 7.222 (7) 7.232 (5) 
alpha 90°48' (2) 90°33' (16) 90°17' (5) 
beta 115°60' (2) 115°56' (6) 116° l« (<0 
gamma 87°30' (2) 87°44» (16) 87°59' (16) 
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the albite rim, the product from experiment HI, in 
which all of the microcline was altered to albite, 
was X-rayed.  Because the albite originally present 
in the perthite was low albite, there would be one 
20    peak and one 2G,«, peak if the alteration 
product was low albite and two 20...... peaks and two 
201 s1 peaks if the alteration product was high albite. 
The H3 alteration product was X-rayed by oscillating 
between 29 °20 and 32  20 at i  2© per minute and 
found to be low albite. 
Reaction Process 
Microcline grains reacted with sodium chloride 
rich brines at 300°C to 350 C yielding a rim of low 
albite.  Complete alteration of microcline to low 
albite occurred in a 21 day experiment containing 3.^2 
M NaCl and 0.50 M NaF and would have occurred in all 
of the perthite experiments under extended time 
conditions.  The albite produced by the reaction was 
clear, but vuggy.  Microcline had a preferential 
direction of attack in solutions containing NaCl 
concentrations of 1.5 M to 3-5 M and a NaF 
concentration of 0.05 M.  The contact between the 
microcline core and low albite rim is chemically 
sharp.  Under the conditions of the experiments, 
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silica was in excess, but the only source of aluminum 
was from the alteration of microcline. 
The albite may be considered an overgrowth or 
may have simply crystallized from the solution. 
Sodium and silica are readily available in the solution. 
Aluminum may be supplied by the solution of microcline 
coincident with the crystallization of albite. 
Although the simplicity of this model is attractive, 
the model totally fails to account for the vuggy 
texture of the albite rim.  A more serious difficulty 
is the unexplained preferential direction of attack 
evident in the microcline.  Simple crystallization 
from solution, perhaps as an epitaxial overgrowth, is 
considered an inadequate model for the observed 
reactions. 
Another mode of microcline alteration is by atom 
for atom alkali replacement.  This involves 
maintainance of the feldspar framework and simply 
replacing the potassium in microcline with sodium. 
Alkali exchange is known to occur at high temperature 
(Orville, 1963).  The process initially appears simple 
and could account for the preferential attack of the 
microcline, the low temperature Al/Si ordering state 
of the albite, and the vuggy texture resulting from 
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the volume difference between albite and microcline 
unit cells.  However, some of these features must be 
considered in detail to fully appraise the model. 
There is a difference of nearly U  between the 
alpha crystallographic angle for albite and the alpha 
crystallographic angle for microcline.  In addition, 
an albite cell occupies 93$ of the volume that a 
microcline cell does.  These structural differences 
._ probably occur when potassium is replaced by sodium 
^resulting in collapse of the feldspar framework 
around the smaller sodium ion.  Collapse of the 
f 
feldspar framework at the reaction front creates vugs 
which facilitate the diffusion of ions through the 
spongy albite rim to the reaction front.  Because the 
reaction front is chemically sharp, there is no 
enrichment of sodium in microcline preceeding the 
reaction front.  However, the microcline cores 
commonly show grid - iron twinning which becomes 
diffuse with increased reaction.  The diffuseness of 
the grid - iron twins with increased reaction indicates 
that there is some structural adjustment in the 
microcline preceeding the reaction front. 
Consequently, the overall process of the reaction 
appears divisible into two subprocesses.  First, there 
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is some structural adjustment of the microcline and, 
second, albite forms through atom for atom replacement 
of potassium by sodium. 
The rate of reaction is increased by increased 
NaCl concentration and NaF concentration.  Silicates 
are attacked in fluoride solutions and the increased 
rate of reaction with increased NaF concentration is 
probably related to the increased rate of attack of 
the microcline core by the fluoride solution.  An 
explanation for the increased rate of reaction with 
increased NaCl concentration is beyond the scope of 
this study.  However, the following illustrates the 
importance of sodium ions in high concentration.  An 
increase in NaCl concentration increases the 
concentration gradient between the sodium rich 
solution surrounding the albite rim and the sodium 
depleted solution in the vugs at the reaction front. 
The increase in the concentration gradient increases 
the rate of sodium diffusion through the spongy albite 
rim and, as a result, the rate of sodium replenishment 
in the vugs at the reaction front.  This allows the 
reaction to proceed at a higher rate. 
A vuggy albite rim in sharp chemical contact with 
a microcline core as produced in this study is probably 
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a good  indicator of low temperature hydrothermal 
solutions.  It would be very difficult to produce such 
a texture by an igneous process.  The texture could be 
produced by a deuteric process, but alkali diffusion 
is known to occur at magmatic temperatures and a 
chemically sharp reaction front would not be expected. 
Furthermore, a deuteric solution could not shift to 
significant chemical disequilibrium with the parent 
rock body without leaving some sort of transitional 
texture. 
Albite Reactions 
Nature of the Reacted Albite 
The albite phase of the perthite was less reactive 
than microcline in salt brines lacking NaF.  This is 
predictable because albite is an alteration product 
and the stable phase in the majority of the reactions. 
The albite from experiment A3 (7.81 M KC1) did not 
react with the solution over the 92 day period.  The 
albite from experiments 12, Jl, and J2 (table 5) which 
contained no NaCl and 0.000 M HC1, 0.005 M HC1, and 
0.050 M HC1, respectively, also showed no signs of 
alteration.  Experiment B6 (7.15 M NaCl) had NaOH 
added to the initial solution to achieve a pH of 12.7. 
The B6 albite was badly corroded and apparently 
7k 
replaced by socialite.  The sodalite was the same 
birefringent variety which replaced microcline.  The 
albite from experiments Al (6.52 M NaCl), C5 (7.16 M 
NaCl), II (3.^2 M NaCl), and 13 (3.^2 M NaCl) had very 
thin albite reaction rims approximating 1 micron in 
width. 
The addition of NaF to the salt brines 
significantly increased the rate of reaction. 
However, the greatest extent of reaction occurred in 
experiment H3 (3.42 M NaCl, 0.50 M NaF) which had a 
mean albite rim width of 5 microns.  An increase in 
NaCl concentration appeared to increase the rate of 
reaction, but the increase was not considered 
significant.  Experiment Bk   (7.16 M NaCl, 0.22 M NaF) 
had NaOH added to the original solution to achieve a 
pH of 12.7.  The B4 albite was badly corroded and 
apparently altered to sodalite.  The albite in 
experiment Hk   (0.00 M NaCl, 0.05 M NaCl) was unaltered. 
The unreacted albite and albite from experiment 
D2 (5.13 M NaCl, 0.05 M NaF) were analyzed with the 
electron microprobe.  Analyses of the unreacted albite, 
reacted albite core, and the albite rim are listed in 
table 12.  The analyses are averages of analyses listed 
in appendix IV.  Each averaged analysis has the number 
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Table 12 
Electron microprobe analyses of the unreacted albito 
and the D2 albite. 
. . D2 Albite Unreacted 
Albite Core        Rim 
(5 analyses)     (4 analyses) (l analysis) 
Oxide  Std.     Oxide  Std.   Oxide  Std. 
Element    % Dev.      % Dev.     % Dev.» 
Si 66.25 1.26 67.83 1.79 71.83 0.85 
Al 21.02 0.39 20.69 0.40 18.06 0.33 
Fe 0.03 0.03 0.03 0.03 0.19 0.03 
Ti 0.01 0.02 0.01 0.04 0.02 0.03 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 1.84 0.07 1.80 0.06 0.02 0.01 
Na 10.23 0.23 10.14 O.36 10.78 0.16 
K 0.27 0.09 0.22 0.07 0.02 0.01 
Ba 0.00 0.00 0.00 0.00 0.00 0.00 
Total  99.64 100.71 100.93 
Component 
Ab 89.5 1.0 
An 8.9 0.9 
Or 1.6 1.0 
Cs 0.0 0.9 
* Since there is only one analysis, the standard 
deviation accounts only for variation due to 
chemical analysis. 
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89.7 1.0 99.8 0.9 
9.0 1.0 0.1 0.9 
1.3 1.0 0.1 0.9 
0.0 0.9 0.0 0.9 
of analyses used for averaging listed directly below 
the heading.  The standard deviations include 
variation due to chemical analysis and compositional 
variation between analyses.  There were no significant 
changes in chemical composition between the unreacted 
albite and the reacted albite core.  Because the albite 
rims were very fine, only one good electron microprobe 
analysis was obtained.  The analysis indicates that 
the albite rims were a calcium poor albite phase 
relative to the albite cores which contained 9$ 
anorthite.  Apparently, a calcium - sodium alkali 
exchange reaction has occurred in the albite rims. 
Potassium was also depleted in the albite rims, but 
not to the extent that calcium was. 
Potassium and sodium electron microprobe tracings 
were made across a typical albite grain from 
experiment D2 (5-13 M NaCl, 0.05 NaF) and are 
reproduced in figure 12.  The paths for the potassium 
and sodium tracings are parallel, but not coincident. 
The microscopically observed albite rims are not 
distinguishable in the potassium or sodium tracings 
even though potassium decreased in the rim and sodium 
increased in the rim. 
Cell parameters were calculated from X-ray 
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Electron microprobe tracings across a 
typical albite grain from experiment D2. 
a)  Potassium tracing b) Sodium tracing 
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diffraction data for the unreacted albite, the albite 
from experiment D6 (0.86 M NaCl, 0.05 M NaF), and the 
albite from experiment Dl (6.84 M NaCl, 0.05 M NaF) 
and are listed in table lj.     The error for the D6 
albite was not computed due to insufficient data, but 
was assumed to be 0.010 X.  The gamma cell angle 
appears to change systematically with increasing NaCl 
concentration, but the change is not considered 
significant.  The albite b and c   cell parameters and 
the previously presented microcline b and c cell 
parameters (table 11, figure 11) are plotted with 
error bars on an Al/Si ordering plot in figure 1J. 
There were no significant changes in Al/Si ordering 
resulting from the albite - NaCl - NaF reaction.  As 
in the case of microcline, this may result from the 
Al/Si ordering in albite not being effected by NaCl 
or NaF solutions or the unreacted albite being in a 
maximum ordering state prior to reaction.  Changes 
in Al/Si ordering for microcline and albite from the 
same experiment are compatible (figure 13).  However, 
no significant pattern is discernible. 
Reaction Process 
Unlike the microcline reactions, the sodium - 
calcium alkali exchange reaction in albite involves a 
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Table   13 
Cell   Parameters   of   Albite 
D6 Dl 
Parameter Unreacted 0.86  M  NaCl 6.84  M  NaCl 
a  (X) 8.153 (3) 8.132 8.157 (8) 
b   ih 12.786 (7) 12.798 12.779 (l^) 
c   (A) 7.160 (3) 7.153 7.173 (8) 
alpha 9^°12' (6) 94°3V 9^033' (1*0 
beta 116035' (3) 116°29' ll6°49' (7) 
gamma 87°^9' (4) 87°29* 87°l6' (22) 
[}> 
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very small volume change.  Consequently, sodium ions 
must penetrate the reaction rim to reach the reaction 
front and calcium must move out through the reaction 
rim to reach the solution.  The mechanism by which 
sodium and calcium ions move through the albite rim 
may involve diffusion or movement of reacting 
solutions along twin planes and cleavages. 
The addition of NaF to the reacting solutions in 
concentrations greater than 0.05 M greatly enhanced 
the rate of reaction.  The mechanism by which NaF 
increased the rate of reaction is not understood, 
but may involve the mechanism described for microcline 
Fluorine also has a high affinity for calcium which 
could aid in the removal of calcium from the feldspar 
structure.  Changes in NaCl concentration did not 
significantly effect the rate of reaction. 
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REACTION OF LABRADORITE IN BRINES 
General Statement 
The interaction of labradorite in brines can be 
separated into two reactions.  One reaction describes 
the alteration of labradorite to albite and the other 
reaction describes the alteration of labradorite to 
microcline.  The mechanisms of the reactions may 
involve alkali diffusion or solution and overgrowth. 
The reactions may produce a rind around the 
labradorite grains, occur throughout the grains, or 
occur along fractures and cleavages.  Fluorine may 
enhance the reaction rates and stabilize the reaction 
products.  If the reactions involve hydrolysis, pH will 
effect the rates of reaction.  The alteration of 
labradorite to microcline involves a significant 
volume increase.  The alteration of labradorite to 
albite in NaCl solutions and the alteration of 
labradorite to microcline in KC1 solutions will be 
discussed in this section. 
Labradorite - NaCl Brine Reactions 
Reaction of Labradorite in Brines Lacking Fluoride 
Labradorite experiments with pure salt brines are 
listed in table 14.  Experiments A2 (6.52 M NaCl, 1.12 
M KC1), A5 (7.16 M NaCl), and B5 (7.8l M NaCl) lacked 
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Table lU 
Labradorite Experiments in Brines Lacking Fluoride 
pH 
Run 
Time 
(days) 
when 
opened 
NaCl 
M 
KCl 
M 
F 
M Products 
A2 92 6.52 1.12 acmite 
A5 92 7.16 acmite 
B5 14 12.7 7.81 acmite,sodalite 
8k 
fluorine, but experiments B5 had NaOH added to the 
original solution.  Experiments A2 and A5 showed 
incipient alteration of labradorite to albite. 
Labradorite in experiment B5 was extensively corroded 
and replaced by a rind of sodalite.  Acmite occurred 
as small sprays of acicular crystals in experiments 
A2, A5, and B5, but was not present in sufficient 
quantities to be detected in the bulk sample by X-ray 
methods.  The mafic minerals present in the original 
labradorite had wide reaction rims after exposure to 
the salt brines and were probably the main source of 
iron for the acmite. 
Labradorite - NaCl - NaF Reactions 
Labradorite experiments in NaCl and NaF brines 
are listed in table 15.  The addition of NaF to the 
solutions significantly increased the rate of reaction, 
particularly when the NaF concentration exceeded 0.05 
M.  Experiments El (6.84 M NaCl), E2 (5.13 M NaCl), 
E3 (3-^2 M NaCl), E5 (1.71 M NaCl), E6 (0.86 M NaCl), 
and H5 (0.00 M NaCl) covered a range of NaCl 
concentration at a constant NaF concentration of 0.50 
M.  Labradorite grains reacted in the 6.84 M NaCl 
solution (El) had a mean albite rim width of 18 
microns whereas labradorite grains reacted in the 0.86 
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Run 
Table IS 
Labradorite - NaCl - NaF Experiment: 
pH 
Time   when  NaCl WKC1  F 
(days)  opened   M    M    M Products 
Bl 14 9.0 6.52 
B3 14 13.1 7.15 
ci 14 9.2 6.52 
C3 14 7.1 7.15 
C6 25 9.3 7.15 
El 32 8.9 6.84 
E2 32 9.6 5.13 
E3 32 9.9 3.42 
E5 32 10.4 1.71 
E6 32 10.2 0.86 
G2 32 6.3 3.42 
G3 32 6.2 3.42 
G4 32 6.3 3.42 
H5 21 10.4 
0.25    albite 
0.24    albite, acmite, 
sodalite 
0.025   albite 
0.0048  albite 
0.48 
0.50 
0.50 
0.50 
0.50 
0.50 
albite 
albite 
albite 
albite 
albite 
albite 
0.0500 albite 
0.0050 albite 
0.0005 albite 
0.50 
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M NaCl solution (E6) had a mean rim width of 6 microns 
Labradorite grains treated in the 0.00 M NaCl solution 
(H5) were unaltered.  Labradorite grains from 
experiments E2 , E3, and E5 had decreasing rim widths 
in accordance with decreasing NaCl concentration. 
The mean grain diameter for all of the E series 
experiments was approximately 350 microns.  Plates 
13 and Ik  are photomicrographs of typical labradorite 
grains from experiments El and E6.  Small, isolated 
fluorite crystals were observed in experiments El and 
E2 and are probably present in experiments E3, E5i and 
E6 below the limit for positive microscopic 
identification. 
Some labradorite grains display a seemingly 
preferred direction of albite rim growth (plate 15)• 
However, the direction of slowed or nonexistant rim 
growth generally coincides with a good cleavage 
allowing the albite rim to be easily parted from the 
labradorite core during the experiment or subsequent 
sample preparation. 
An attempt was made to further quantify the 
extent of reaction in experiments El, E2, E3, E5, E6, 
and H5 by determining calcium and aluminum 
concentrations in the reacted solutions.  Because 
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Plate 13.  Photomicrograph of a reacted labradorite 
grain from experiment El.  The rim is 
albite.  160X. 
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Plate lk. Photomicrograph of a reacted labradorite 
grain from experiment E6.  The rim is 
albite.  160X. 
89 
Plate 15. Photomicrograph of a reacted labradorite 
grain from experiment E3.  Notice the 
apparent preferred direction of albite 
rim growth.  160X. 
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calcium and aluminum were not present in the initial 
solutions, any calcium or aluminum present in the 
final solutions was released from the labradorite 
as illustrated by the following reaction. 
CaAl2Si2Og + NaCl + Si02 + UH^  > 
NaAISi 0g + CaCl+ + A1(0H)~ + 2H20    (2) 
The reacted solutions were analyzed with an atomic 
'absorption spectrophotometer.  In experiment El, E2, 
E3, E5, and H5, the calcium concentrations were 
less than 10 ppm and aluminum was not detected.  This 
indicates that the calcium concentration was controlled 
in the solution, probably by precipitation of fluorite. 
Aluminum concentration may have been controlled by the 
formation of A1„0„, but no corundum was found after 
careful microscopic examination.  Crystallization of 
new feldspar along with fluorite is a more probable 
explanation for the low calcium and aluminum content 
of the solution, as illustrated by the following 
idealized reaction. 
CaAl2Si20g + 2NaF + 4Si02 > 2NaAlSi 0g + CaF2  (3) 
This idealized reaction does not preclude using 
NaCl as a reactant, producing CaCl?, and later 
reacting CaCl2 with NaF to form CaF  and NaCl.  The 
idealized reaction produces two cells of albite for 
91 
every cell of anorthite.  This creates a large volume 
increase at the reaction front.  Spalling of the 
albite rim should be observed if reaction (3) properly 
describes the interaction of labradorite with the NaCl 
solutions.  Albite was present in the fine grained 
material and some spalling of the albite rims was 
observed. 
Experiments EJ   (0.50 M NaF), G2 (0.0500 M NaF), 
G3 (0.0050 M NaF), and Gk   (0.0005 M NaF) covered a 
range of NaF concentrations at a NaCl concentration 
of 3.42 M.  Decreases in NaF concentration 
significantly retarded the reaction rate.  Labradorite 
grains reacted in the O.50 M NaF solution (E3) had a 
mean albite rim width of 10 microns while the 
labradorite grains reacted in the 0.0005 M NaF solution 
(G4) had only isolated rims.  Labradorite in 
experiments G2 and G3 had decreasing rim widths in 
accordance with decreasing NaF concentration.  The 
mean grain diameter was 350 microns.  Plates 16 and 
1? are photomicrographs of labradorite grains from 
experiments E3 and Gk,   respectively.  The reacted 
solutions from experiments E3, G2, G3, and G4 were 
analyzed for calcium and aluminum.  The calcium 
concentrations in all four experiments were less than 
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Plate 16.  Photomicrograph of a reacted labradorite 
grain from experiment E3.  The rim is 
albite.  16OX. 
93 
Plate 17.  Photomicrograph of a reacted labradorite 
grain from experiment Gk.     The rim is 
albite.  16OX. 
9^ 
10 ppm and aluminum was not detected in any of the 
experiments. 
Experiment B3 contained a NaCl concentration of 
7.15 M, a NaF concentration of 0.24 M, and had NaOH 
added to the original solution.  The labradorite 
grains were extensively corroded and replaced by 
sodalite.  Acmite also formed during the reaction. 
Nature of the Reacted Labradorite 
The albite rims surrounding the labradorite 
grains were clear and in sharp contact with the 
labradorite cores.  Neither mineral nor fluid 
inclusions were prevalent along the boundary between 
the albite rim and labradorite core or in the albite 
rim itself.  Zoning in the reacted labradorite grains 
was not as strong as the zoning in the unreacted 
labradorite grains suggesting that the reaction partly 
annealed the host crystals.  The labradorite cores 
lacked embayments and did not show evidence of 
corrosion.  Approximately 60$ of the rims were strongly 
zoned.  The remaining k0%  were lightly zoned. 
Approximately 20$ of the albite rims displayed 
twinning.  Twinning in an albite rim occurred only, 
but not necessarily, when there was twinning present 
in the labradorite core.  The albite rims displaying 
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twins had twin extinctions reversed from the twin 
extinctions present in the labradorite core (plate 18) 
Normal albite twins appear to be present in the 
labradorite cores while albite ala-B twins seem to be 
present in the albite rims with reversed extinction. 
The difference in twinning between the albite rims 
and the labradorite cores does not account for the 
reversed twin extinction.  The reverse twin extinction 
probably results from the differing indicatrix 
orientations between albite and labradorite. 
Unreacted labradorite and labradorite from 
experiment E2 were analyzed with an electron 
microprobe.  Analyses of the unreacted labradorite, 
reacted labradorite core, and albite rim are listed 
in table 16.  The analyses are averages of analyses 
listed in appendix IV.  Each averaged analysis has 
the number of analyses used for averaging listed 
directly below the heading.  The standard deviations 
include variation due to chemical analysis and 
compositional variation between analyses.  There was 
no significant difference in chemical composition 
between the unreacted labradorite grains and the cores 
of the reacted labradorite grains from experiment E2 
even though microscopic observations indicated that 
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Plate 18. Photomicrograph of a reacted labradorite 
grain from experiment E2.  Twins in the 
albite rim have twin extinctions reversed 
from the twin extinctions present in 
the labradorite core.  160X. 
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Table 16 
Electron microprobe analyses of the unreacted 
labradorite and the E2 labradorite. 
Element 
Unreacted 
Labradorite 
(6 analyses) 
Oxide Std, 
% Dev. 
E2 Labradorite 
Core        Rim 
(3 analyses) (7 analyses) 
Oxide Std. 
Dev. 
Oxide 
% 
Std. 
Dev. 
Si 56.19 i.4o 55.86  1.29  69.57  1.79 
Al 27.88 0.75 28.28 0.52 18.87 0.55 
Fe 0.23 0.04 0.24 0.04 0.22 0.10 
Ti 0.03 0.06 0.02 0.06 0.02 0.04 
Mg 0.01 0.02 0.01 0.02 0.00 0.01 
Ca 10.55 0.85 10.95 0.27 0.06 0.03 
Na 5.12 0.43 4.83 0.19 11.18 0.27 
K 0.32 0.05 0.31 0.02 0.01 0.01 
Ba 0.02 0.05 0.01 0.02 0.00 0.01 
Total 100.35 100.51 99.93 
Componen" t 
Ab 45-9 4.1 43.6 1.7 99.6 0.9 
An 52.2 4.1 54.6 1.7 0.3 0.9 
Or 1.9 0.9 1.8 0.8 0.1 0.9 
Cs 0.0 0.8 0.0 0.8 0.0 0.9 
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zoning in the reacted labradorite cores war; not as 
strong as zoning in the unreacted labradorite.  The 
albite rim is essentially pure albite.  Fluorine was 
not detectable in the reacted labradorite cores or 
rims with the electron microprobe.  However, the 
electron microprobe is not very sensitive to fluorine 
and an appreciable amount of fluorine could be present 
in the feldspar structure. 
Calcium, sodium, aluminum, and silicon microprobe 
tracings were made across a typical unreacted 
labradorite grain from experiment E2.  The paths for 
each of the four element tracings made across a single 
grain were parallel, but not coincident.  The calcium 
and sodium microprobe tracings for the unreacted 
labradorite are reproduced in figure Ik,     The aluminum 
and silicon microprobe tracings for the unreacted 
labradorite are reproduced in figure 15.  Considering 
the amount of zoning which is microscopically 
observable in the unreacted labradorite sample, the 
microprobe tracings are surprizingly constant. 
The calcium and sodium microprobe tracings for 
the reacted labradorite from experiment E2 are 
reproduced in figure 16.  The albite rim is clearly 
identifiable on both tracings.  The boundary between 
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the albite rim and labradoritf core is chemically 
distinct indicating that little, if any, calcium or 
sodium diffusion occurred across the boundary.  The 
aluminum and silicon microprobe tracings for the 
reacted labradorite from experiment E2 are reproduced 
in figure 17.  The albite rim is represented in the 
aluminum tracing by the 20$ ^2°l  tiers present on 
both ends of the tracing.  The boundary between the 
albite rim and labradorite core in the aluminum 
tracing is not as well defined as in the calcium and 
sodium tracings because of greater short term 
fluctuations in the data.  The albite rim is clearly 
identifiable in the silicon tracing and the rim - 
core boundary is chemically very sharp. 
Cell parameters and the 29   - 20 -  peak 
separation were calculated from X-ray diffraction data 
for the unreacted labradorite, the labradorite from 
experiment E2 (5•13 M NaCl), and the labradorite from 
experiment El (6.84 M NaCl) and are listed in table 
17.  Neither the cell parameters nor the 20 _  - 20..=.. 
peak separation was significantly effected by the 
reaction.  The 2©    - 20 *  peak separation and the 
Si/Al ratio computed from the microprobe data are 
used to plot the Al/Si ordering state for the unreacted 
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Table 17 
Cell Parameters of Labradorite Reacted in NaCl 
E2 El 
Parameter   Unreacted    5-13 M NaCl   6.84 M NaCl 
a (h 8.185 (3) 8.177 (2) 8.181 (6) 
b (X) 12.863 (6) 12.836 (4) 12.835 (15) 
c (h 7.121 (2) 7.137 (4) 7.103 (12) 
alpha 93°^1' (2) 93°40' (2) 93°42" (7) 
beta Il6°l9' (1) Il6°22' (1) Il6°22' (4) 
gamma 89°36' (3) 89°36' (2) 89°32' (9) 
2e131-2e 131  1,?5 (5) 1.75 (5) 1.73 (5) 
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labradorite and the E2 labradorite (figure 18).  The 
Al/Si ordering state of the labradorite from 
experiment E2 does not vary significantly from the 
Al/Si ordering state of the unreacted labradorite. 
Reaction Process 
Several points should be reiterated before a 
discussion of reaction mechanism is undertaken. 
Labradorite grains reacted in salt brines lacking 
fluoride had little, if any, alteration to albite. 
The addition of NaF to the solution significantly 
increased the rate of reaction, particularly when 
the concentration exceeded 0.05 M.  An eight - fold 
increase in NaCl concentration from 0.86 M to 6.8*4- M 
tripled the rate of reaction.  The calcium 
concentrations in the solutions after reaction were 
less than 10 ppm and aluminum was not detected. 
Therefore, the reacting solutions were undersaturated 
with respect to calcium and aluminum.  Had aluminum 
been present in the reacting solutions at significant 
levels, muscovite probably would have been the stable 
phase in solutions with NaCl concentrations less than 
r' 
0.1 M and pH less than 5. 
Once the albite rims formed, sodium and silicon 
had to penetrate the albite rim by diffusion or by 
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moving along planes of weakness to reach the reaction 
front.  An increase in NaCl concentration may have 
aided the reaction by increasing the sodium 
concentration gradient across the albite rim.  The 
removal of calcium from the labradorite may be aided 
by fluorine penetrating and disrupting the feldspar 
structure and subsequently combining with calcium to 
form fluorite.  Any aluminum released through the 
alteration of labradorite was probably consumed in 
the production of albite as illustrated by equation 
(3). 
There is no significant difference in volume 
between the labradorite cell and the albite cell. 
However, if equation (3) properly describes the 
alteration process, two cells of albite would be 
produced for every cell of anorthite altered.  Because 
anorthite accounts for approximately 50% of the 
unreacted labradorite composition, the alteration of 
labradorite to albite by equation (3) would result 
in a roughly 150% volume increase at the reaction 
front.  Because the albite rim commonly appears free 
of fractures, this drastic change in volume raises 
some question about the structural state of the 
feldspar at the reaction front.  Perhaps the reaction 
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front is an amorphous layer of feldspar sandwiched 
between the crystalline albite rim and the crystalline 
labradorite core.  This would allow the albite rim to 
float on a vitreous layer and only a few fractures or 
discontinuities would be necessary to permit the 
large volume increase.  The discontinuities may occur 
as expansion joints, but more likely they are simply 
passageways permitting sodium and silicon access to 
the reaction front. 
Even if equation (3) incompletely describes the 
details of the reaction, the absence of aluminum in 
the solution or other aluminum bearing minerals 
indicates that additional feldspar has formed. 
Calcium and aluminum could go into solution at the 
reaction front during the alteration of labradorite 
to albite as illustrated by equation (2).  This would 
create calcium and aluminum concentration gradients 
between the reaction front and the solution.  As a 
result, calcium and aluminum would migrate through 
the albite rim along fractures and structural 
discontinuities.  After reaching the solution, calcium 
could be precipitated as fluorite and aluminum could 
be precipitated as albite on the outer surface of the 
albite rim. 
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The reverse twin extinction present in the 
twinned albite rims (plate 18) is a texture dependent 
on a plagioclase overgrowth in sharp chemical contact 
with a plagioclase core of significantly different 
chemical composition.  Providing the plagioclase rim 
is more sodic than the plagioclase core, this texture 
should be a good signature of low temperature 
hypersaline solutions in natural samples.  It would 
be very difficult to produce such a texture by an 
igriebus process.  The texture could be produced by a 
deuteric process, but alkali diffusion is known to 
occur at magmatic temperatures and a chemically sharp 
reaction front would not be expected.  Furthermore, a 
deuteric solution could not shift to significant 
chemical disequilibrium with the parent rock body 
without leaving some sort of transitional texture. 
Labradorite - KC1 Brine Reactions 
Labradorite - KC1 Reactions 
Labradorite experiments with KC1 solutions are 
listed in table 18.  The labradorite from experiment 
A6 (7.81 M KC1) was unaltered after 92 days. 
Experiment Gl contained 4.02 M KC1 and 0.50 M KF.  The 
labradorite grains from experiment Gl had potassium 
feldspar rims with a mean thickness of 3 microns based 
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Table 18 
Labradorite - KCl Experiments 
Run 
A6 
Gl 
Time 
(days) 
pH 
when 
opened 
NaCl 
M 
KCl 
M 
F 
M Products 
92 7.81 
32 8.7 4.02 0.50 Fe potassium 
feldspar 
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on a 50 point count.  The thickness of the rims varied 
significantly between labradorite grains (plate 19). 
The mean grain diameter was approximately 150 microns. 
The potassium feldspar rims were clear, untwinned, and 
void of mineral and fluid inclusions.  The contact 
between the potassium feldspar rim and labradorite 
core was sharp. 
The extent of reaction in experiment Gl can be 
further quantified by determining sodium concentration 
in the final solution.  Because sodium was absent in 
the original Gl solution, any sodium present in the 
final solution was released from the albite portion 
of the labradorite illustrated by the following 
idealized reaction. 
NaAlSi30g + KC1 > KAlSi-Og + NaCl        (4) 
The Gl solution was analyzed for sodium, calcium, and 
aluminum using an atomic absorption spectrophotometer. 
The solution contained 5 mg of sodium (0.53 ppt Na). 
Based on the amount of sodium produced, approximately 
70 mg of labradorite or 7%  of the original sample 
weight would have to react by equation (4) if the 
equation expressed the only source of sodium.  The 
calcium concentration was less than 10 ppm and 
aluminum was not detected. 
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Plate 19.  Photomicrograph of a reacted labradorite 
grain from experiment Gl (^.02 M KC1). 
The rim is potassium feldspar.  160X. 
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Nature of the Reacted Labradorite 
Electron microprobe analyses of the unreacted 
labradorite, reacted Gl labradorite core, and Gl 
potassium feldspar rim are listed in table 19-  The 
analyses are averages of analyses listed in appendix 
IV.  Each averaged analysis has the number of analyses 
used for averaging listed directly below the heading. 
The standard deviations include variation due to 
chemical analysis and compositional variation between 
analyses.  The microprobe analyses indicate that 
there were no significant changes in chemical 
composition between the unreacted labradorite and the 
reacted labradorite cores from experiment Gl.  The 
potassium feldspar rim contained minor amounts of 
sodium and calcium, but had an unusually high iron 
content of 9«82 oxide percent and an unusually low 
aluminum content of 10.60 oxide percent.  Normal 
microcline generally has an alumina content 
approximating 19 oxide percent.  The mafic grains from 
experiment Gl had wide reaction rims and were probably 
the main source of iron for the potassium feldspar. 
Because the reacting solution did not contain aluminum, 
the iron probably existed in the potassium feldspar 
rim as ferric iron and proxied for aluminum in the 
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Table 19 
Electron microprobe analyses of the unreacted 
labradorite and the Gl labradorite. 
Element 
Unreacted 
Labradorite 
(6 analyses) 
Oxide  Std. 
?6   Dev. 
Gl Labradorite 
Core        Rim 
(4 analyses) (2 analyses) 
Oxide  Std.   Oxide  Std. 
Dev. % Dev. 
Si 
Al 
Fe 
Ti 
Mg 
Ca 
Na 
K 
Ba 
Total 
56.19 
27.88 
0.23 
0.03 
0.01 
10.55 
5-12 
0.32 
0.02 
100.35 
1.40 
0.75 
0.04 
0.06 
0.02 
0.85 
0.43 
0.05 
0.05 
55.75  1.23   63.1^  1.72 
28.33 
0.23 
0.03 
0.01 
11.03 
4.86 
0.31 
0.00 
100.54 
1.00 
0.04 
0.03 
0.02 
1.15 
O.65 
0.05 
0.00 
10.60 
9.82 
0.03 
0.00 
0.12 
0.05 
16.05 
0.00 
99.81 
1.13 
1.34 
0.05 
0.00 
0.01 
0.02 
0.09 
0.00 
Component 
Ab 
An 
Or 
Cs 
45.9 4.1 
52.2 4.1 
1.9 0.9 
0.0 0.8 
43.6 5.7 0.4 2.1 
54.6 5.9 0.6 2.1 
1.8 0.9 99.0 2.6 
0.0 0.8 0.0 2.1 
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T - sites.  In an analogous natural overgrowth, the 
presence of iron in the potassium feldspar rim could 
be a good indicator of a potassium bearing hypersaline 
solution.  However, the iron - rich potassium feldspar 
produced in this study cannot be distinguished 
microscopically from normal potassium feldspar. 
Potassium, sodium, aluminum, and silicon 
microprobe tracings were made across a typical 
labradorite grain from experiment Gl.  The paths for 
each of the four tracings are parallel, but not 
coincident.  The mean grain diameter was 350 microns. 
The potassium and sodium microprobe tracings are 
reproduced in figure 19.  The potassium tracing 
clearly shows that the boundary between the potassium 
feldspar rim and labradorite core is chemically 
distinct.  The potassium feldspar rim is not 
distinguishable on the sodium tracing.  Aluminum and 
silicon microprobe tracings are reproduced in figure 
20.  The potassium feldspar rim is not distinguishable 
on the aluminum tracing, but is distinguishable on 
the .silicon tracing.  The silicon tracing also 
indicates that the rim - core boundary is chemically 
distinct. 
Cell parameters and the 20.-. - 2©1'51 peak 
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Figure  19. Electron microprobe tracings across a 
typical labradorite grain from experiment 
Gl.  a) Potassium tracing b) Sodium 
tracing 
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Figure 20. Electron microprobe tracings across a 
typical labradorite grain from experiment 
Gl.  a) Aluminum tracing b) Silicon 
tracing 
118 
separation were computed from X-ray diffraction data 
for the Gl labradorite and are listed with the 
unreacted labradorite cell parameters in table 20. 
There appears to be a decrease in the b cell parameter, 
but the change is probably not significant.  The 
20171 - 20 ^1 peak separation and the Si/Al ratio 
computed from the microprobe data are used to plot 
the Al/Si ordering state for the unreacted labradorite 
and labradorite from experiments E2 (5•13 M NaCl) and 
Gl (4.02 M KC1) in figure 21.  There does not appear 
to be a significant change in Al/Si ordering due to 
the interaction of labradorite with NaCl or KC1 
solutions. 
Reaction Process 
Labradorite was unaltered after a 92 day exposure 
to a 7.81 M KC1 solution.  Addition of 0.50 M KF to 
the KC1 solutions resulted in alteration of 
labradorite to an iron rich potassium feldspar.  The 
iron in the potassium feldspar was probably derived 
from mafics present in the original labradorite 
sample.  Because the reacting solution lacked 
aluminum, the iron was probably present in the 
potassium feldspar structure as ferric iron and 
proxied for aluminum in the T - sites.  After the 
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Table 20 
Cell Parameters of Labradorite Reacted in KC1 
Parameter Unreacted 
a (%) 8.185 (3) 
b (8) 12.863 (6) 
c (ft) 7.121 (2) 
alpha 93°M' (2) 
beta Il6°19' (l) 
gamma 89°36' (3) 
2013l"2ei31 1,?5 (5) 
Gl 
4.02   M KC1 
8.175 (4) 
12.821 (8) 
7.127 (2) 
93°37' (3) 
ll6°2l« (2) 
89°28' (2) 
1.65 (5) 
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Figure 21.  Al/Si ordering state of the unreacted 
labradorite and the labradorite from 
experiments E2 and Gl. 
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potassium feldspar rim formed, potassium and silicon 
had to reach the reaction front by penetrating the 
rim and calcium had to move out through the rim to 
reach the solution.  Movement of elements through the 
potassium feldspar rim probably occurred along such 
structural planes of weakness as fractures and 
cleavages. 
There are basically two reactions which could 
have occurred in the alteration of labradorite to 
potassium feldspar.  One reaction describes the 
alteration of anorthite cells and the other reaction 
describes the alteration of albite cells.  These two 
reactions are illustrated in the following idealized 
equations. 
CaAl2Si2Og + 2KF + ^Si02  > 2KAlSi30Q + CaF2    (5) 
NaAlSi30g + KC1 > KAlSi^Og + NaCl (6) 
Equation (5) does not preclude reacting the anorthite 
cells with 2KC1, producing CaCl?, and later reacting 
CaCl2 with 2KF to form CaF2 and 2KC1.  Equation (5) 
indicates that two cells of potassium feldspar will 
be produced for every cell of anorthite reacted.  In 
addition, the potassium feldspar cell occupies a 
significantly larger volume than the anorthite cell 
does.  These factors will result in a volume increase 
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of approximately 160$ due to the reaction described 
by equation (5)«  Equation (6) also has a volume 
increase of approximately 108$ associated with it 
due to the larger volume occupied by the potassium 
feldspar cell relative to the albite cell.  Regardless 
of whether the reaction described by equation (5) or 
the reaction described by equation (6) occurred, there 
was a significant volume increase at the reaction 
front.  The reaction rims commonly contained only a 
few fractures (plate 19)•  As suggested for the 
labradorite - NaCl reactions, there may be an 
amorphous feldspar layer sandwiched between the 
crystalline potassium feldspar rim and the crystalline 
labradorite core.  The potassium feldspar rim could 
essentially float on the amorphous layer, and only 
a few fractures would be necessary to relieve the 
strain produced by the volume increase. 
Both equation (5) and equation (6) are balanced 
with respect to aluminum.  In order to incorporate 
iron in the feldspar structure, potassium feldspar 
must have precipitated directly from the solution in 
addition to the potassium feldspar produced through 
the alteration of labradorite. 
The presence of fluorine in the KC1 solution 
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significantly increased the rate of reaction.  The 
mechanism by which fluorine increased the rate of 
reaction may have involved one of two processes. 
Fluorine may have penetrated and destabilized the 
feldspar structure or it may have aided in the 
removal of calcium from the feldspar structure. 
The presence of iron in a natural potassium 
feldspar rimmed plagioclase grain could be a good 
indicator of a potassium bearing hypersaline 
solution.  However, the iron - rich potassium feldspar 
produced in this stuay cannot be distinguished 
microscopically from potassium feldspar and must 
be identified with an electron microprobe. 
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SYNTHESIS OF SODALITE 
General Statement 
Sodalite occurred in perthite and labradorite 
experiments containing NaCl concentrations exceeding 
7 M with pH values greater than 12.5. ---Stodalite was 
produced in solutions with and without NaF.  A 
perthite experiment (Hi) containing 3-^2 M NaCl at a 
pH of 10.1 and a labradorite experiment (E5) containing 
1.71 M NaCl at a pH of 10.J* failed to produce sodalite. 
The unusual properties of the synthetic sodalite will 
be dicussed in this section. 
Nature of the Sodalite 
Sodalite rarely occurred as crystal dodecahedrons 
characteristic of the mineral.  Instead, sodalite 
grains generally lacked recognizable crystal habit 
and occurred as fine grained aggregates.  Sodalite 
formed a rim around the reacted labradorite grains 
from experiment B5 (7.81 M NaCl, pH = 12.7) as shown 
in plate 20.  The sodalite had a tan to light brown 
color in plane polarized light and displayed low to 
middle first order birefringence under crossed nicols. 
The aggregates commonly had a radial pattern to the 
extinction.  The mean index of refraction was 1.^89 t 
0.002, but the crystals appeared to be slightly 
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Plate 20.  Photomicrograph of a reacted labradorite 
grain from experiment B5.  The 
labradorite grains are rimmed with 
sodalite.  l60X. 
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anisotropic.  Sodalite normally has an index of 
refraction ranging from 1.^83 to 1.^87. 
The sodalite was X-rayed from 13°2Q   to 90°2© at 
£026 per minute using floated quartz powder as an 
internal standard.  Cell parameters were computed 
from X-ray diffraction data and are listed in table 
21 along with major peak positions and intensities. 
The b cell edge appears to be significantly shorter 
than the a and c cell edges indicating that this 
sodalite is tetragonal or of even lower symmetry. 
Sodalite is normally isometric with a cell edge of 
8.870 A.  An analogous mineral, analcime, has recently 
been shown to be noncubic under certain conditions. 
(Mazzi & Galli, 1978). 
Geological Significance 
The synthetic sodalite easily could be 
misidentified as a phyllosilicate during microscopic 
examination.  This sodalite was correctly identified 
only after it was found to dominate the X-ray 
diffraction pattern of the reacted samples in which 
it occurred.  A similar sodalite occurring in a natural 
sample would also probably be misidentified as a 
phyllosilicate and overlooked. 
Experimentally, the noncubic sodalite formed in 
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Table 21 
Unit cell and diffraction pattern parameters for the 
noncubic sodalite.  The data was indexed for the 
orthorhombic system. 
Cell Edge Length (X) 
a 8.879 (1) 
b 8.870 (1) 
c 8.881 (4) 
h k 1 
Calculated 
Peak   (°29) 
Observed 
Peak   (°29) Intensity 
1 1 0 14.10 14.10 30 
2 0 0 19.98 19.99 5 
1 2 1 24.55 24.55 100 
1 3 0 31.87 31.87 9 
2 2 2 34.99 35.00 10 
2 3 1 37.91 37.91 20 
4 0 0 4o.6l 40.62 1 
3 3 0 43.21 43.22 18 
4 2 0 45.67 45.68 5 
3 3 2 48.04 48.04 3 
5 2 1 56.75 56.74 3 
4 4 0 58.81 58.81 11 
5 3 0 60.79 60.78 7 
4 4 2 62.76 62.75 7 
5 3 2 64.67 64.68 9 
6 2 0 66.56 66.58 1 
6 1 3 72.08 72.07 4 
7 2 1 79.22 79.21 8 
6 4 2 80.99 81.02 1 
7 3 0 82.72 82.73 2 
8 1 1 89.63 89.63 4 
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solutions so basic that they are unlikely in a 
natural environment.  No attempts were made to 
determine all conditions for formation of the 
strange sodalite and it is possible that chang/es in 
temperature and composition of the solution would 
permit the formation of the compound at reduced pH 
values.  The fact that the compound has no natural 
occurrence may simply attest to its easy 
misidentification as a phyllosilicate. 
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FIELD ANALOGY FOR THE LABRADORITE - NaCl 
BRINE REACTIONS 
General Statement 
Batholiths have commonly been hypothesized as 
the source of porphyry copper - molbdenum deposits. 
Tilling  (1977) presented hydrogen and oxygen isotbpe 
data collected by Sheppard and Taylor (197^) as 
evidence for large scale interactions of the Boulder 
Batholith magmas with meteoric waters in the region 
around Butte, Montana.  Such an interaction of 
meteoric waters with a large granitic body could 
produce textures similar to those produced in this 
study. 
Field Analogy 
An adamellite from the Idaho batholith in the 
Bitterroot Range, Montana, was examined 
microscopically.  The thin section was made from a 2" 
core drilled on a molybdenum prospect in Nez Perce' 
Pass.  The average mineral mode for the adamellite is 
listed in table 22.  Potassium feldspar generally 
occurs as large microcline phenocrysts and as medium 
to fine grained crystals in the groundmass.  Large 
andesine phenocrysts rimmed with albite are also 
present.  Plagioclase generally occurs in the 
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Table 22 
Adamellite Mineral Mode 
(200 point count) 
Mineral Mode % 
Potassium Feldspar 25 
Plagioclase kj 
Quartz 15 
Biotite ik 
Muscovite 3 
Diopside trace 
Rutile trace 
Apatite trace 
Silimanite trace 
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groundmass as untwinned medium to fine grained 
anhedral crystals.  The quartz is medium to fine 
grained and has undulatory extinction.  The medium 
grained biotite is commonly corroded and rimmed with 
muscovite. 
Plate 21 is a photomicrograph of an andesine 
phenocryst (An.,-) rimmed with albite (An^) from the 
adamellite.  Albite twins are present in the albite 
rim and albite - ala B twins are present in the 
andesine core.  The reverse twin extinction present 
in the albite rim may be analogous to the reverse twin 
extinction observed in the albite rims produced in the 
labradorite - NaCl brine reactions (plate 22).  Albite 
twins are present in the labradorite cores and albite 
ala - B twins are present in the albite rims.  The 
boundary between the albite rim and andesine core is 
not as sharp as the boundary between the albite rim 
and labradorite core produced in this study. 
However, the andesine - albite boundary is fairly 
distinct indicating that the albite rim may have 
resulted from hydrothermal activity.  Andesine 
phenocrysts also have embayments partially filled with 
albite displaying reverse twin extinctions (plate 2). 
Biotite adjacent to the andesine phenocrysts are 
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Plate 21. Photomicrograph of an andesine phenocryst 
rimmed with albite.  Twins in the albite 
rim have twin extinctions reversed from 
the twin extinctions present in the 
andesine core.  Ab = albite, Ae = 
andesine, B = biotite, M = muscovite. 
355X. 
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Plate 22. Photomicrograph of a reacted labradorite 
grain from experiment E2.  Twins in the 
albite rim have twin extinctions reversed 
from the twin extinctions present in the 
labradorite core.  710Xv 
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corroded and seemingly replaced by the albite rims 
and muscovite (plate 3 and 21).  These textures 
suggest that a hydrothermal solution may have 
percolated past the andesine phenocrysts corroding 
the biotite and replacing it with an albite rim and 
muscovi te. 
The microcline in the adamellite was unaltered. 
However, Orville (1963) reported that solutions with 
a K/(K + Na) ratio of 0.16 were in equilibrium with 
both albite and microcline phases at 400 C and that 
the ratio decreased with decreasing temperature. 
Consequently, a low temperature hypersaline solution 
would require a minimal amount of KC1 in solution to 
stabilize the microcline phase. 
Geological Significance 
These types of textures may have previously been 
attributed to igneous or deuteric processes without 
considering low temperature hydrothermal solutions. 
The reverse twins observed in the albite rimming the 
andesine phenocrysts (plate 21) indicate an abrupt, 
large composition change such as the ones produced 
in this study.  It would be very difficult' to produce 
such a texture by an igneous process.  The texture 
could be produced by a deuteric process, but alkali 
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diffusion is known to occur at magmatic temperatures 
and a chemically sharp reaction front would not be 
expected.  Furthermore, a deuteric solution could 
not shift to significant chemical disequilibrium 
with the parent rock body without leaving some sort 
of transitional texture.  The reverse twins observed 
in the albite rimming the andesine phenocrysts may 
be a recognizable signature of low temperature 
hypersaline solutions. 
It is significant that the biotite appears to 
have been corroded adjacent to the andesine phenocrysts 
and replaced by the albite rim.  The metals released 
to the hydrothermal solution by corrosion of biotite 
may contribute to the mineralization of an ore 
deposit. 
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CONCLUSION 
The microcline - NaCl brine reaction rate 
increased with increasing NaCl and NaF concentration 
in the range of concentrations studied.  The albite 
rims surrounding the reacted microcline grains were 
clear, but vuggy.  The vuggy nature of the albite rims 
support a model of atom for atom replacement with the 
resulting albite cell being 93f°  of the original 
microcline cell volume.  The albite rim is probably 
sufficiently porous to allow sodium and potassium ions 
to move through it by diffusing from one solution 
filled vug to another.  A vuggy albite rim in sharp 
chemical contact with a microcline core as produced 
in this study is probably a good indicator of low 
temperature hypersaline solutions.  It would be 
difficult to produce such a texture by an igneous or 
deuteric process. 
Labradorite grains reacted in NaCl solutions 
without NaF had little, if any, alteration under the 
experimental conditions.  The addition of NaF to the 
solution significantly increased the rate of reaction, 
particularly when the concentration exceeded 0.05 M. 
The albite rims surrounding the reacted labradorite 
grains were clear and in sharp contact with the 
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labradorite cores.  The reverse twin extinctions 
present in approximately 20% of the albite rims is 
a texture dependant on a plagioclase overgrowth in 
sharp contact with a plagioclase core of significantly 
different chemical composition.  Providing the 
plagioclase rim is more sodic than the plagioclase 
core, this texture should be a good signature of low 
temperature hypersaline solutions since it would be 
difficult to produce a sharp, chemical rim - core 
contact by igneous or deuteric processes. 
Labradorite grains reacted in KC1 solutions were 
rimmed with potassium feldspar.  The potassium 
feldspar had an unusually high iron content of 9.82 
oxide percent and an unusually low alumina content of 
10.60 oxide percent.  Since normal potassium feldspar 
generally has an alumina content approximating 19 oxide 
percent, the iron probably existed in the potassium 
feldspar structure as ferric iron and proxied for 
aluminum in the T - sites.  If the iron was present 
in the potassium feldspar as ferric iron, it would 
limit the oxygen fugacity to a high value for the 
hypersaline solution.  The iron rich potassium 
feldspar was not microscopically distinguishable from 
normal potassium feldspar and would be identifiable 
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in thin sections of altered rocks only by electron 
microprobe analysis.  The potassium feldspar rim was 
in sharp chemical contact with the labradorite core. 
The presence of iron in a natural potassium feldspar 
rim in sharp chemical contact with a plagioclase core 
appears to be a good indicator of a low temperature, 
potassium bearing, hypersaline solution for silica 
rich systems. 
A noncubic sodalite occurred in perthite and 
labradorite experiments containing NaCl concentrations 
exceeding 7 M with pH values greater than 12.5. 
The noncubic sodalite was produced in solutions with 
and without NaF.  The sodalite had a tan to light 
brown color in plane polarized light and displayed 
low to middle first order birefringence under crossed 
nicols.  The noncubic sodalite could be easily 
misidentified as a phyllosilicate during microscopic 
examination.  Although the limiting conditions for 
formation of this compound are unknown, careful 
examination of rocks from alteration zones for 
sodalite appears warranted. 
An adamellite from the Idaho batholith contained 
andesine phenocrysts rimmed with albite.  The albite 
rims were twinned with twin extinctions reversed from 
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twin extinctions present in the andesine core.  Thin 
texture is analogous to the twins with reversed 
extinctions present in the albite rims surrounding 
the labradorite grains reacted in NaCl solutions. 
Hypersaline solutions leave a recognizable 
textural signature on the feldspars.  The recognition 
of these textural signatures could be important in 
deciphering the genesis of igneous rocks and a 
valuable exploration tool in the search for 
porphyry copper - molybdenum deposits. 
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APPENDIX II   J 
Sodium and potassium concentrations before and 
after reactions are listed in this appendix.  The 
sodium and potassium concentrations before reaction 
were computed from the known amount of analyzed 
salts added to the solution.  The sodium and 
potassium concentrations after reaction were 
determined by atomic absorption analysis. 
Before Reaction After Reaction 
Run No.   Na (ppt)   K (ppt)      Na (ppt)   K (ppt) 
Al 149-9 44.2- 95-3 
A2 1^9.9 ^3.8 99.4 
A3 0.0 305.2 NA 
A5 164.6       0.0 95.0 
A6 0.0 305.2 NA 
  t   t
^ . .2 - 
. 4 .  
.
. .  
.
155.7 0.0 
156.4 0.0 
169.9 0.0 
169.5 0.0 
179.5 0.0 
Bl 13^.7 
B2 125.9 
B3 . 166.0 
B4 . 78.2 
B5 163.6 
Dl       158.5       0.0 138.0       6.2 
26, • 3 
26, .9 
125. .0 
NA 
107. .0 
0, .2 
5- .6 
0, .7 
3. ,9 
0. ,4 
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Before   R eaction. After  R< *a.c tion 
Run  No. Na   (ppt) K   (ppt) Na   (ppt) K   (ppt) 
D2 119.2 0.0 96.5 6.8 
D3 79.8 0.0 74.2 5.1 
D5 40.5 0.0 35.3 3.2 
D6 20.8 0.0 16.2 
««4 
3.4 
El 168.8 0.0 151.7 NA 
E2 129.5 0.0 86.1 NA 
E3 90.2 0.0 66.4 NA 
E5 50.8 0.0 41.6 NA 
E6 31.2 0.0 24.8 NA 
F2 79.8 0.0 74.2 6.6 
A 
F3 79.8 0.0 59.8 7.4 
F4 79.8 0.0 64.4 8.9 
F5 79.8 0.0 70.9 7.2 
F? 79.8 0.0 70.5 8.8 
Gl 0.0 176.9 0.5 167.5 
G2 79.8 0.0 79.6 NA 
G3 78.8 0.0 76.8 NA 
Gil 78.7 0.0 76.5 NA 
HI 78.7 0.0 75.3 3.1 
H2 78.8 0.0 73.6 3.7 
H3 90.2 0.0 78.3 8.6 
155 
Run  No. 
H5 
Before  Reaction 
Na   (ppt)        K   (ppt) 
0.1 0.0 
0.0 0.0 
After  Reaction 
Na   (ppt)        K   (ppt) 
2.6 0.2 
10.5 0.2 
/ 
s 
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APPENDIX III 
Cell parameters with errors computed from X-ray 
diffraction data are listed for the unreacted samples 
and selected runs.  Some cell parameters do not have 
errors listed.  This results from insufficient X-ray 
diffraction data to compute the parameter errors. 
The cell parameter labeling code consists of three 
( 
letters or a letter, a numeral, and a letter.  The 
first two letters or letter and numeral designate the 
samples as unreacted labradorite (UL), unreacted 
perthite (UP), or by run cbde (A1-, A5, B2, etc.). 
The last letter indicates the mineral as albite (A), 
labradorite (L), or microcline (M). 
15? 
Parameter ULL UPA UPM 
a  (ft) 8.185 (3) 8.153 (3) 8.581 (2) 
b (h 12.863 (6) 12.786 (7) 12.961 (2) 
c (8) 7.121 (2) 7.160 (3) 7.2 36 <<0 
alpha 93°^lf (2) 9^°12' (6) 90°^8' (2) 
beta 116°19' (1) 116°35' (3) 115°60' (2) 
gamma 89°36' (3) 87°49« (<0 87°30' (2) 
2e131-2el5l 1.75 (5) 
Parameter A1A AIM A5L 
a   (ft) 8.157 8.593 (8) 8.17*+ (3) 
b   (ft) 12.801 12.968 (5) 12.845 (5) 
c   (ft) 7.163 7.215 (4) 7.128 (3) 
alpha 9/+°20' 90°3^' (5) 93°36' (3) 
beta Il6°47' 115°51' (3) 116°23« (2) 
gamma 87°46' 87°k2' (5) 89°32» (2) 
29131-20l3l 1.67 (5) 
158 
Parameter B2A B5L C5A 
a (£) 
b (h 
c (8) 
alpha 
beta 
gamma 
2e131-2e 
8.269 
12.773 
7.250 
93°34' 
117°39' 
88°30' 
131 
/' 
8.165 (5) 8.156 (13) 
12.842 (8) 12.755 (19) 
7.129 (3) 7.157 (20) 
93°39' (3) 94°13' (6) 
Il6°20' (2) 'll6°35' (19) 
89°29' (3) 87°46- (7) 
1.68 (5) 
Parameter C5M DlA DIM 
a   (8) 
b (8) 
c (8) 
alpha 
beta 
gamma 
2e131-2e 
8.555 (71) 
12.972 (17) 
7.218 (19) 
90°4l' (24) 
115°56' (17) 
87°42' (27) 
8.157 (8) 
12.779 (14) 
7.173 (8) 
94°33' (14) 
16°49' (7) 
87°l6' (22) 
8.576 (14) 
12.951 (17) 
7.232 (5) 
90°17' (5) 
116°  i« (4) 
87°59' (16) 
131 
159 
Parameter D6 
a (8) 8.132 
b (h 12.798 
c (8) 7.153 
alpha 9k°Jk' 
beta ll6029' 
gamma 8?°29' 
2ei3i~2Gi3i 
D6M E1L 
8.570 (21) 8.181 (6) 
12.960 (10) 12.835 (15) 
7.222  (7) 7.103 (12) 
90°33' (16) 93°^2« (7) 
115°56'  (6) 116°22- (4) 
87°^' (16) 89°32' (9) 
1.73 (5) 
Parameter      E2L GIL HlA 
a (8) 8.177 (2> 8.175 CO 8.1^9 (l) 
b (ft) 12.836 (I) 12.821 (8) 12.677 (32) 
c (ft) 7.137 (*0 7.127 (2) 7.177 (5) 
alpha 93°^0' (2) 93°37' (3) 9^°27' (5) 
beta    ll6°22' (l) ll6°2l' (2) ll6053' (5) 
gamma 89°36' (2) 89°28« (2) 86°53' (4*0 
2ei3l"2ei3l  1#75 (5) 1'65 (5) 
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Parameter HIM H2A H2M 
a (8) 
b d) 
c (8) 
alpha 
beta 
gamma 
20131-20 
8.565 (0) 
12.958 (0) 
7.233 (0) 
90°^0' (1) 
116°  1' 
87°3^' 
(0) 
(1) 
8.198 CO) 
12.797 (7) 
7.179 (15) 
9^°1V (5) 
116°50' (15) 
87°58' (11) 
8.586 (9) 
12.'971 (3) 
7.208 (10) 
90%9' (M 
1150^7' (M 
87033' CO 
131 
Parameter H3A H4A mm 
a (X) 
b (X) 
c (X) 
alpha 
beta 
gamma 
20131-29 
8.165 
12.797 
7.166 
116°31' 
87°57' 
8.163 (16) 8.586 (8) 
12.785 (15) 12.958 CO 
7.167 (12) 7.223 (5) 
94°19» (15) 90°/+5' CO 
116°^3' (13) 116°  l- CO 
87°42' (9) 87°32' (JO 
131 
161 
;       J 
Parameter                 H5L HA IlM 
a   (X)              8.17U (4) 8.'208 (79) 8.59^ (3) 
b   (X) 12.868 (9) 12.790 (11) 12.958 (2) 
c   (X)               7.125 (3) 7-19^ (^5) 7-22U (l) 
alpha 93°38' (3) 9^°  2' (23) 90°U3' (2) 
beta           116°23' (2) 117°  1' (33) 115°52' (l) 
gamma 89°35' (3) 88°   1' (25) 87°36' (l) 
2913l"2Gl3l     1,?2 (5) 
Parameter I2A I2M I3A 
a   (8) 8.152   (33) 8.587 W 8.1^6   (20) 
b  (X) 12.777     (7) 12.953 (3) 12.793  (21) 
c   (X) 7.161   (15) 7.227 (2) 7.189   (3*0 
alpha 94°12«      (9) 90°37' (3) 9^°23'   (22) 
beta 116°36'   (1*0 115°58' (2) ll6047'   (17) 
gamma 87°53'   (13) 87°45' (3) 87°45'   (1*0 
29131-29l3l 
162 
Parameter I3NI J1A JlM 
a   (8) 8.593 (9) 8.1^3 CO 8.566   (15) 
b   (R) 12.962 (?) 12.796 (8) 12.960 (6) 
c   (8) 7.227 (4) 7.15^ CO 7.21U (9) 
alpha 90°^9' (7) 9^°22« (7) 90°^' (9) 
beta           115°58' (4) 116°31' (4) 115°^8' (8) 
gamma 87°32' (6) 8?°^2' (4)\ 87%0' (9) 
20131-20l3l 
Parameter J2A J2M J3A 
a   (ft) 8.149     (9) 8.576 (1) 8.160! (3) 
b   (X) 12.773     (7) 12.961 (1) 12.789 CO 
c   (ft) 7.172     (9) 7.218 (2) 7.158 (5) 
alpha 9^° 6'   (10) 90°32' (2) 9^°26' (3) 
beta           116°48»      (9) 115°51' (l) ll6°3V (2) 
gamma 87°38«      (7) 87°53' (2) 87°42• (2) 
2913l"2Gl3l 
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Parameter J3M J4 
a (X) 8.59^ (6) 8.150 
b (h 12.958 (4) 12.842 
c (ft) 7.226 W 7.152 
alpha 90°42' (3) 94° 7' 
beta 115057' (2) Il6°30' 
gamma 87°35' (3) 88° 5' 
2Gi3i"2ei3l 
JUM 
Parameter      J5L 
a (X)     8.185 (3) 
b (ft) 12.857 (6) 
c (ft)     7.117 (4) 
alpha 93°32' (2) 
beta    ll6°20' (2) 
gamma 89°48' (2) 
2Q131"2ei3l  1,?8 (5) 
'-♦■^r 
8. 5Uii (5) 
12.950 (0) 
7.20^ (2) 
90°25' )<!> 
115039' (2) 
87°50' (2) 
164 
I 
% APPENDIX IV 
Oxide analyses and standard deviations for each 
sample analyzed with the electron microprobe are 
listed in this appendix.  The analysis labeling code 
consists of three letters or a letter, a numeral, 
and a letter followed by a dash, a numeral, and a 
letter.  The first two letters or letter and numeral 
designate the samples as unreacted labradorite (UL), 
unreacted perthite (UP), or by run code (D2, E2, or 
Gl).  The letter preceeding the dash indicates the 
mineral being analyzed as albite (A), labradorite 
(L), or microcline (M).  The numeral following the 
dash is an arbitrarily assigned grain number.  The 
last letter designates the location of the analysis 
on the grain as either core (C) or rim (R). 
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VITA 
Mark Koelmel was born on June 16, 195^ in East 
Stroudsburg, Pa.  He received his primary and 
secondary education in the East Stroudsburg area and 
graduated from the East Stroudsburg Area High School 
in 1972.  In September of 1972, he entered Norwich 
University and subsequently transfered to Lehigh 
University the following year.  In January of 1977, 
he received a B.S. in Business and Economics with 
University Honors and a B.S. in Geological Sciences 
with University and Departmental Honors from Lehigh 
University.  He entered graduate school at Lehigh 
University in January, 1977P and received a M.S. in 
Geological Sciences in October, 1978.  In September 
of 1978, he began work as a geologist with Chevron, 
U.S.A., Inc. in Denver, Colorado. 
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